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Poe ACO eh1GHTH EDITION 


Since the publication of the first edition of this treatise, in 
1889, many advances have been made in Hydraulics. Some of 
these have been briefly noted in later editions, but to properly 
record and correlate them it has now become necessary to 
rewrite and reset the book. In so doing the author has en- 
deavored to incorporate other features that have been suggested 
to him by teachers and engineers, to whom he here expresses 
his thanks. All of these suggestions could not be followed, for 
thereby the work would have been expanded to two volumes. 
Indeed the question as to what should be left out has often been 
a more difficult one than that as to what should be inserted, and 
the author has made the decision from the point of view of the 
probable benefit that may accrue to students in engineering 
colleges and to engineers in ordinary conditions of practise. 


The same plan of arrangement as in former editions has 
been followed, but two new chapters have been added, one on 
Hydraulic Instruments and Observations, which treats of the 
methods of measuring pressures and velocities, and another on 
Pumps and Pumping, in which the various machines for raising 
water are discussed from a hydraulic point of view. Among 
the new topics introduced in the other chapters may be noted 
the vortex whirl that occurs in emptying a vessel, new coeffi- 
cients for dams and for steel and wood pipes, the loss of head in 
pipes due to curvature, branched circuits or diversions in pipe 
systems, the influence of piers in producing backwater, canals 
for water-power plants, discharge curves for rivers, the tidal 
and the land bore, water-supply estimates, water hammer in 
pipes, the stability of a ship, and hydraulic-electric analogies. 
Many new examples and problems are given and in these the 
author has endeavored not only to exemplify the theory of the 
subject, but also to illustrate the conditions of actual practise. 
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Historical notes and references to hydraulic literature are 
presented with greater fullness than before... . Many let- 
ters from foreign countries have urged the author to introduce 
the metric system of measures into the book. To meet this 
demand the most important data, coefficients, and formulas are 
given in both English and metric measures, the latter being 
placed at the end of each chapter; the student who follows 
these will have no occasion to transform English units, but 
may learn to think in metric units and to use them without 
hesitation. ... The most important tables are presented both 
in the English and in the metric system, the latter not being a 
mere transformation of the former but being arranged to be 
used with metric arguments. 


In former editions of this work, as in most other books, the 
numbers of the articles, formulas, cuts, and problems were con- 
secutive and independent. In this edition, however, only the 
articles are numbered consecutively, while the number of any 
formula, cut, or problem agrees with that of the article, and this 
- is placed at the top of the right-hand page. While the main 
purpose in rewriting the book has been to keep it abreast 
with modern progress, the attempt has also been made to pre- 
sent the subject more concisely and clearly than before in order 
to advance the interests of thorough education and to promote 
sound engineering practise. 


NOTE TO NINTH EDITION 


During 1903-1910 the eighth edition of this book was re 
printed eight times, each impression containing some changes 
and corrections. It has now become necessary to revise and 
reset the entire book in order to more fully include the advances 
of the last decade. New matter will be found on hydraulic instru- 
ments, methods of measuring water, oblique weirs, submerged 
tubes, regulating devices for pipes, conduits, dams, backwater, 
rainfall, evaporation, and runoff. The tables of coefficients for 
orifices, weirs, pipes, conduits, and channels have been revised 
and extended so as to include the results of recent experi- 
ments. Some old matter has been omitted or condensed, and 
a few changes in arrangement have been made. About one- 
fifth of the text is put in smaller type, so as to aid teachers 
in selecting shorter courses for their classes. The hydraulic 
tables are placed in the text in connection with the matter 
explaining them instead of being collected at the end of the 
book as before. 

In this edition all tables, figures, formulas, and problems bear 
the number of the article in which they are located, this num- 
ber being given in heavy type on the headline of each right- 
hand page. While the amount of matter is about six percent 
greater than that in the eighth edition, it occupies twenty pages 
less, owing to the smaller type and longer page. A subject 
index will be found at the end of the volume. The authors 
have everywhere endeavored to unify the presentation of the 
subject in a manner advantageous alike to the technical student 
and the practising engineer. 


NOE LOsSlENT HEE DIMTON 


In this edition over forty pages have been rewritten and 
reset, and minor changes have been made on about fifty other 
pages. This has been done so as to keep the book abreast with 
modern progress, and thus render it more valuable than the 
preceding edition for the use of both students and engineers. 


The new Articles 723, 1243, and 136} treat of proportional 
weirs, of Biel’s formula for flow in pipes and channels, and of 
backwater due to bridge piers. In Art. 118 Horton’s extended 
table of values of Kutter’s is given, and in Art. 121 new 
coefficients for riveted steel pipes will be found. In Art. 129 
there is new matter regarding the vertical and horizontal curves 
for open channels, and Art. 157, on water hammer and the surge 
tank, has been mostly rewritten. Arts. 177-182 have been 
entirely revised, so as to include modern turbines and the 
methods for their discussion, while old Art. 202 has been re- 
placed by a new one on hydraulic machinery. 


The authors are indebted to Prof. Lewis F. Moody of Rens- 
selaer Polytechnic Institute, to W. M. White, Chief Engineer 
of Allis-Chalmers Manufacturing Company, to Robert E. 
Horton, Consulting Engineer, and to other professors and 
hydraulic engineers for valuable suggestions and kind assistance. 

NeEw York, July, 1916. 
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PN wor ON HY DRAULIGS 


CHAPTER 1 
FUNDAMENTAL DATA 
ARTICLE 1. Units oF MEASURE 


The unit of linear measure universally used in English and 
American hydraulic literature is the foot, which is defined as 
one-third of the standard yard. For some minor purposes, such 
as the designation of the diameters of orifices and pipes, the inch 
is employed, but inches should always be reduced to feet for use 
in hydraulic formulas. The unit of superficial measure is usually 
the square foot, except for the expression of the intensity of pres- 
sures, when the square inch is more commonly employed. 


TABLE la. INCHES REDUCED TO FEET 


Square Square 
Inches Feet 


0.6944 
1.3889 
2.0833 
2.0777 
3-4722 
4.1667 
4.5500 
573599) 
6.2500 
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The units of volume employed in measuring water are the 
cubic foot and the gallon, but the latter must always be reduced 
to cubic feet for use in hydraulic formulas. In Great Britain and 
its colonies the Imperial gallon is used, but in the United States 

*’ 1 : 
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the old English gallon has continued to be employed, and the 
former is 20 percent larger than the latter. The following are 
the relations between the cubic foot and the two gallons: 


1 cubic foot 6.2288 Imp. gallons = 7.481 U. S. gallons 


1 Imp. gallon = 0.1605 cubic feet = 1.201 U. S. gallons 


1 U.S. gallon 


0.1337 cubic feet = 0.832 Imp. gallons 


In this book the word “gallon” will always mean the United 
States gallon of 231 cubic inches, unless otherwise stated. 


TABLE 16. GALLONS AND CUBIC FEET 


Wess Weise i Cubic Imperial || Imperial 
Gallons Gallons Feet Gallons Gallons 


6.229 
12.458 
18 686 
24.915 
31.144 
37-373 
43.602 
49.830 
56.059 
62.288 


7.481 
14.961 
22.442 
28.922 
37-403 
44.883 
52.364 
59.844 
67.325 
74.805 


OMI ANARWDHH 
0 OT AN AWD H 


00 ON AN HW ND H 


I 
2 
3 
4 
5 
6 
7 
8 
9 
° 


H 
H 
ce) 
- 
H 
O° 


The unit of force is the pound, or the force exerted by gravity 
at the surface of the earth on a mass of matter called the avoirdu- 
pois pound. This unit is also used in measuring weights and 
pressures of water. The intensity of pressure is measured in 
’ pounds per square foot or in pounds per square inch, as may be 
most convenient, and sometimes in atmospheres. Gages for 
recording the pressure of water are usually graduated to read 
pounds per square inch. 


The unit of time to be used in all hydraulic formulas is the 
second, although in numerical problems the time is often stated 
in minutes, hours, or days. Velocity or speed is defined as the 
space passed over by a body in one second, under the condition 
of uniform motion, so that velocities are to be always expressed 
in feet per second, or are to be reduced to these units if stated in 
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miles per hour or otherwise. Acceleration is the velocity gained 
in one second, and it is measured in feet per second per second. 


The unit of work is the foot-pound; that is, one pound lifted 
through a vertical distance of one foot. Energy is work which 
can be done; for example, a moving body has the ability to do 
a certain amount of work by virtue of its quantity of matter and 
its velocity, and this is called kinetic energy. Again, water 
at the top of a fall has the ability to do a certain amount of work 
by virtue of its quantity and its height above the foot of the fall, 
and this is called potential energy. . Potential energy changes 
into kinetic energy as the water drops, and kinetic energy is 
either changed into heat or may be transformed, by means of a 
water motor, into useful work. Power is work done, or energy 
capable of being transformed into work, in a specified time, and 
the unit for its measure is the horse-power, which is 550 foot- 
pounds per second. 

In French and German literature the metric system of measures 
is employed, and this is far more convenient than the English one in 
hydraulic computations. This system is understood and more or less 
used in all countries, and its universal adoption will probably occur 
during the present century, but the time has not yet come when an 
American engineering book can be:prepared wholly in metric measures. 
This treatise will, therefore, mainly use the English units described 
above, but at the close of most of the chapters hydraulic data, tables, 
and empirical formulas will be given in metric measures. At the end 
of the volume will be found tables giving fundamental hydraulic 
constants and equivalents in each system of the principal units in 
the other, system. 

Problem 1. When one cubic foot of water, weighing 62} pounds, falls 


each second through a vertical height of 11 feet, what horse-power can 
be developed by a hydraulic motor which utilizes 80 percent of the energy ? 


Art. 2. PHysicaAL PROPERTIES OF WATER 


At ordinary temperatures pure water is a colorless liquid which 
possesses almost perfect fluidity; that is, its particles have the 
capacity of moving over each other, so that the slightest dis- 
turbance of equilibrium causes a flow. It is a consequence of 
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this property that the surface of still water is always level; also, 
if several vessels or tubes be connected, as in Fig. 2, and water 
be poured into one of them, it rises in the others until, when 
equilibrium ensues, the free surfaces are in the same level plane. 


The free surface of water is in a different molecular condition 
from the other portions, its particles being drawn together by 
stronger attractive forces, 
so as to form what may 
be called the “‘skin of the 
water,” upon which insects 
may walk or a needle be 
caused to float. The skin 
is not immediately pierced by a sharp point which moves slowly 
upward toward it, but a slight elevation occurs, and this property 
enables precise determinations of the level of still water to be 
made by the hook gage (Art. 35). 


At about 32° Fahrenheit a great alteration in the molecular 
constitution of water occurs, and ice is formed. If a quantity 
of water be kept in a perfectly quiet condition, it is found that its 
temperature can be reduced to 20° or even to 15° Fahrenheit, 
before congelation takes place, but at the moment when this 
occurs the temperature rises to 32°. The freezing-point is hence 
not constant, but the melting-point of ice is always at the same 
temperature of 32° Fahrenheit or o° centigrade. 


Fig. 2. 


While water freezes at 32° Fahrenheit, yet its maximum den- 
sity is reached at 39°.3 Fahrenheit. At this latter temperature 
its specific gravity is 1.0 while at 32° it is 0.99987. As the tem- 
perature rises above that of maximum density the specific gravity 
of water steadily grows smaller until the boiling-point is reached 
at 212° Fahrenheit when its specific gravity is 0.95865. To the 
occurrence of the maximum density at a temperature above the 
freezing-point is to be attributed the fortunate circumstance 
that ponds and streams do not freeze solid from the bottom up. 


Ice, as a rule, forms upon the surface of the water in a solid 
sheet. The rapidity with which such ice forms is dependent on 
the temperature and decreases with the thickness of the ice-sheet. 
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The coefficient of linear expansion of ice varies from 0.0000408 
to 0.0000197 as the temperature varies from + 30° Fahrenheit 
to — 30° Fahrenheit.* Under certain conditions a rise in 
temperature may cause a considerable expansion, and if the 
sheet is a heavy one and expansion is prevented, the pressure 
brought to bear on any resisting surface becomes very great. 
A second variety of ice called frazil or slush ice is formed in 
rapidly flowing water when the temperature of the air is mate- 
rially below the freezing-point. This ice is formed in the shape 
of small needles which are carried along and deposited in quiet 
water below. Accumulations of frazil to a depth of 80 feet have 
been known.* A third variety, known as anchor ice, may of 
itself be formed directly on the bed and sides of a rapidly flow- 
ing stream or be increased in volume by accretions of frazil. In 
cold countries the design of hydraulic structures must take into 
account all of these three kinds of ice. 


Water is a solvent of high efficiency, and is therefore never 
found pure in nature. Descending in the form of rain, it absorbs 
dust and gaseous impurities from the atmosphere; flowing over the 
surface of the earth it absorbs organic and mineral substances. These 
affect its weight only slightly as long as it remains fresh, but when it 
has reached the sea and becomes salt, its weight is increased more than 
2percent. The flow of water through orifices is only in a very slight 
degree affected by the impurities held in solution, but in the flow 
through pipes they often cause incrustation or corrosion which in- 
creases the roughness of the surface and diminishes the velocity. 


The capacity of water for heat, the latent heat evolved when it 
freezes, and that absorbed when it is transformed into steam need not 
be considered for the purposes of hydraulic investigations. Other 
physical properties, such as its variation in volume with the tempera- 
ture, its compressibility, and its capacity for transmitting pressures, 
are discussed in the following pages. The laws which govern its 
pressure, flow, and energy under various circumstances belong to the 
science of Hydraulics and form the subject-matter of this volume. 

Prob. 2. How many degrees centigrade are equivalent to — 20° Fah- 
renheit? How many degrees Fahrenheit are equivalent to — 20° centigrade 
and how many to + 20° centigrade ? 


* Barnes’s Ice Formation (New York, 1906), pp. 106, 226. 
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Art. 3. THE WEIGHT OF WATER 


The weight of water per unit of volume depends upon the 
temperature and upon its degree of purity. The following ap- 
proximate values are, however, those generally employed except | 
when great precision is required : 


1 cubic foot of water weighs 62.5 pounds 
1 U.S. gallon of water weighs 8.355 pounds 


These values will be used in this book, unless otherwise stated, 
in the solution of the examples and problems. 


The weight per unit of volume of pure distilled water is the 
greatest at the temperature of its maximum density, 39°.3 Fah- 
renheit, and least at the boiling-point. For ordinary computa- 
tions the variation in weight due to temperature is not considered, 
but in tests of the efficiency of hydraulic motors and of pumps 
it should be regarded. The following table contains the weights 
of one cubic foot of pure water at different temperatures as de- 
duced by Hamilton Smith from the experiments of Rosetti.* 


TABLE 3. WEIGHT OF DISTILLED WATER 


* Hamilton Smith, Jr., Hydraulics: The Flow of Water through Orifices, over 
Weirs, and through Open Conduits and Pipes (London and New York, 1886), p. 14. 


Temperature Pounds per Temperature Pounds per Temperature Pounds per 
Fahrenheit Cubic Foot Fahrenheit Cubic Foot Fahrenheit Cubic Foot 
32° 62.42 95° 62.06 160° 61.01 
35 62.42 100 62.00 165 60.90 
39.3 62.424 105 61.93 170 60.80 
45 62.42 IIo 61.86 175 60.69 
50 62.41 15 61.79 180 60.59 
55 62.39 120 61.72 185 60.48 
60 62.37 125 61.64 190 60.36 
65 62.34 130 OLS 5a 195 60.25 
70 62.30 135 61.47 200 60.14 
75 62.26 I40 61.30 205 60.02 
80 62.22 145 61.30 210 59.89 
85 62.17 150 61.20 212 59.84 

go 62.12 155 61.11 
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Waters of rivers, springs, and lakes hold in suspension and 
solution inorganic matters which cause the weight per unit of 
volume to be slightly greater than for pure water. River waters 
are usually between 62.3 and 62.6 pounds per cubic foot, de- 
pending upon the amount of impurities and on the temperature, 
while the water of some mineral springs has been found to be as 
high as 62.7. It appears that, in the absence of specific informa- 
tion regarding a particular water, the weight 62.5 pounds per 
cubic foot is a fair approximate value to use. It also has the ad- 
vantage of being a convenient number in computations, for 62.5 


pounds is tooo ounces, or *4§° is the equivalent of 62.5. 


Brackish and salt waters are always much heavier than fresh 
water. For the Gulf of Mexico the weight per cubic foot is about 
63.9, for the oceans about 64.1, while for the Dead Sea there is 
stated the value 73 pounds per cubic foot. For Great Salt Lake 
the weight of water varies from 69 to 76 pounds per cubic foot.* 
The weight of ice per cubic foot varies from 57.2 to 57.5 pounds. 
The sewage of American cities is impure water which weighs from 
62.4 to 62.7 pounds per cubic foot, but the sewage of European 
cities is somewhat heavier on account of the smaller amount of 
water that is turned into the sewers. 


Prob. 3. How many gallons of water are contained in a pipe 4 inches . 
in diameter and 12 feet long? How many pounds of water are contained 
in a pipe 8 inches in diameter and 12 feet long ? : 


Art. 4. ATMOSPHERIC PRESSURE 


Torricelli in 1643 discovered that the atmospheric pressure 
would cause mercury to rise in a tube from which the air had been 
exhausted. This instrument is called the mercury barometer, 
and owing to the great density of mercury the height of the column 
required to balance the atmospheric pressure is only about 30 
inches. When water is used in the vacuum tube, the height of 
the column is about 34 feet. In both cases the weight of the 
barometric column is equal to the weight of a column of air of 
the same cross-section as that of the tube, both columns being 
measured upward from the common surface of contact. 


* Science, Oct. 21, 1910. 
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The atmosphere exerts its pressure with varying intensity 
as indicated by the readings of the mercury barometer. At and 
near the sea level the average reading is 30 inches, and as mercury 
weighs 0.49 pounds per cubic inch at common temperatures, the 
average atmospheric pressure is taken to be 30 X 0.49 or 14.7 
pounds per square inch. The pressure of one atmosphere is 
therefore defined to be a pressure of 14.7 pounds per square inch. 
Then a pressure of two atmospheres is 29.4 pounds per square 
inch. .And conversely, a pressure of 100 pounds per square inch 
may be expressed as a pressure of 6.8 atmospheres. 


Pascal in 1646 carried a mercury barometer to the top of a 
mountain and found that the height of the mercury column de- 
creased as he ascended. It was thus definitely proved that the 
cause of the ascent of the liquid in the vacuum tube was due to 
the pressure of the air. Since mercury is 13.6 times heavier than 
water, a column of water should rise to a height of 30 X 13.6 = 
408 inches = 34 feet under the pressure of one atmosphere, and 
this was also found to be the case. A water barometer is imprac- 
ticable for use in measuring atmospheric pressures, but it is con- 
venient to know its approximate height corresponding to a given 
height of the mercury barometer. Table 4 shows heights of 
the mercury and water barometers, with the corresponding pres- 


TABLE 4. ATMOSPHERIC PRESSURE 


Mercury Pressure Water ; Boiling-point 
Barometer Pounds per Pressure Barometer Elevations of Water 
Inches Square Inch Fahrenheit 


Atmospheres Feet Feet 


31 5.2 1.03 AG — 890 Bie. 
30 14.7 1.00 34.0 ° 212 
29 14.2 0.97 32.9 +920 
28 116347) 0.93 Bie 1880 
27 Ten 0.90 30.6 2870 
26 TDF 0.86 29.5 3900 
25 Te 0.83 28.3 4970 
24 MG) 0.80 Pee 6080 
23 Ele 0.76 26.1 7240 
22 10.8 0.72 24.9 8455 
21 10.3 0.69 23.8 9720 
20 9.8 0.67 22.7 IIo50 
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sures in pounds per square inch and in atmospheres. It also 
gives, in the fifth column, values from the vertical scale of alti- 
tudes used in barometric leveling which show approximate eleva- 
tions above sea level corresponding to barometer readings, pro- 
vided that the reading at sea level is 30 inches. In the last 
column are approximate boiling-points of water corresponding to 
the readings of the mercury barometer. 


The atmospheric pressure must be taken into account in many 
computations on the flow of water in tubes and pipes. It is this 
pressure that causes water to flow in syphons and to rise in tubes 
from which the air has been exhausted. By virtue of this pres- 
sure the suction pump is rendered possible, and all forms of in- 
jector pumps depend upon it to a certain degree. On a planet 
without an atmosphere many of the phenomena of hydraulics 
would be quite different from those observed on this earth. 

Prob. 4. A mercury barometer reads 30.25 inches at the foot of a hill, 


and at the same time another barometer reads 29.56 inches at the top of 
the hill. What is the difference in height between the two stations ? 


Art. 5. COMPRESSIBILITY OF WATER 


The popular opinion that water is incompressible is not justi- 
fied by experiments, which show in fact that it is more compress- 
ible than iron or even timber within the elastic limit. These 
experiments indicate that the amount of compression is directly 
proportional to the applied pressure, and that water is perfectly 
elastic, recovering its original form on the removal of the pressure. 
The decrease in the unit of volume caused by a pressure of one 
atmosphere varies, according to the experiments of Grassi, from 
0.000051 at 35° Fahrenheit to 0.000045 at 80° Fahrenheit.* As 
a mean 0.00005 may be taken for this cubical unit-compression. 

A vertical column of water accordingly increases in density 
from the surface downward. If its weight at the surface be 62.5 
pounds per cubic foot, at a depth of 34 feet the weight of a cubic 


foot will be 62.5 (t +0.00005) = 62.503 pounds, 


* Grassi, Annales de chemie et physique, 1851, vol. 31, P. 437 
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and at a depth of 340 feet a cubic foot will weigh 
62.5 (1 +.0.0005) = 62.53 pounds. 


The variation in weight, due to compressibility, is hence too 
small to be regarded in hydrostatic computations. 


The modulus of elasticity of volume for water is the ratio of 
the unit-stress to the cubical unit-compression, or 


(jean ae 294 000 pounds per square inch. 
9.00005 
The modulus of elasticity of volume for steel, when subjected to 
uniform hydrostatic pressure, is the same as the common modu- 
lus due to stress in one direction only, or EZ = 30 000 coo pounds 
_ per square inch. Hence water is about 100 times more com- 
pressible than steel. 


The velocity of sound or stress in any substance is given by 
the formula « = V Eg/w, where w is the weight of a cubic unit 
of the material weighed by a spring balance at the place where 
the acceleration of gravity is g (Art.6). For water having 
w = 62.4 pounds per cubic foot at a place where g = 32.2 
feet per second per second, and E = 42 300000 pounds per 
square foot, this formula gives “ = 4670 feet per second for 
the velocity of sound, which agrees well with the results of ex- 
periments. 


In order to deduce the above formula for the velocity of stress it 
is necessary to use some of the fundamental principles of elementary 
mechanics and of the mechanics of elastic bodies. Let a free rigid 
body of weight W be acted upon for one second by a constant force F 
and let f be the velocity of the body at the end of one second. Let g 
be the velocity gained in one second by W when falling under the action 
of the constant force of gravity. Then, since forces are proportional 
to their accelerations, F=W. f/g, and during the second of time the 
body has moved the distance +f. Now, consider a long elastic 
bar of the length wu, so that a force applied at one end will be felt at 
the other end in one second, it being propagated by virtue of the 
elasticity of the material. Let A be the area of the cross-section 
of the bar and £ the modulus of elasticity of the material. When a 
constant compressive force F is applied to the bar, the shortening ul- 
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timately produced is 2 Fu/AE,* but if this be done for one second only 
the elongation is only half this amount, since the first increment of 
stress is just reaching the other end of the bar at the end of the second. 
The center of gravity of the bar has then moved through the distance 
x Fu/AE, and its velocity v is Fu/AE. If w is this weight of a 
cubic unit of the material, the weight W is wdu. Inserting these 
values of v and W in the above equation, there is found 


Bow Py , Eg 
——_ = —— whence =,/—8 
wAu Akg ; i w 6) 
which is the formula for the propagation of sound or stress in 
elastic materials first established by Newton. 
Prob. 5. Compute the velocity of sound in distilled water at 35° and 
also at 90° Fahrenheit. 


ArT. 6. ACCELERATION DUE TO GRAVITY 


The motion of water in river channels, and its flow through 
orifices and pipes, is produced by the force of gravity. This force 
is proportional to the acceleration of the velocity of a body falling 
freely in a vacuum; that is, to the increase in velocity in one sec- 
ond. Acceleration is measured in feet per second per second, so 
that its numerical value represents the number of feet per second 
which have been gained in one second. The letter g is used to 
denote the acceleration of a falling body near the surface of the 
earth. In pure mechanics g is found in all formulas relating to 
falling bodies; for instance, if a body falls from rest through the 
height /, it attains in a vacuum a velocity equal to Vagh. In 
hydraulics g is found in all formulas which express the laws of 
flow of water under the influence of gravity. 


The quantity 32.2 feet per second per second is an approxi- 
mate value of g which is often used in hydraulic formulas. It is, 
however, well known that the force of gravity is not of constant 
intensity over the earth’s surface, but is greater at the poles than 
at the equator, and also greater at the sea level than on high 
mountains. The following formula of Peirce, which is partly 
theoretical and partly empirical, gives g in feet per second per 


* Merriman’s Mechanics of Material (New York, 1911), pp. 25, 325- 
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second for any latitude /, and any elevation ¢ above the sea level, 
e being in feet: 

g = 32.0894 (1 +0.0052375 sin?/) (1 — 0.0000000957¢) (6); 
and from this its value may be computed for any locality. 


The greatest value of g is at the sea level at the pole, and 
for this locality 1 = 90°, e=0, whence g= 32.258. The least 
value of g is on high mountains at the equator; for this there 
may be taken /=0°, e= 10000 feet, whence g = 32.059. The 
mean of these is the value of the acceleration used in this book, 
unless otherwise stated, namely, 


g = 32.16 feet per second per second, 


and from this the mean values of the frequently occurring 
quantities V2g and 1/2g are found to be 

V 2g = 8.020, 1/2g = 0.01555. (6)o 
If greater precision be required, which will sometimes be the case, 
g can be computed from the above formula for the particular 
latitude and elevation. Table 6 gives multiples of the quantities 


ion ie 1/ 2g, and 2g which will often be useful in numerical 
computations. 


TABLE 6. ACCELERATION OF GRAVITY 


Multiples Multiples Multiples Multiples 
of g of 2g of 1/2¢ of V2g 


32.16 64.32 0.01555 8.02 
64.32 128.6 0.03109 16.04 
96.48 193.0 0.04664 24.06 
128.6 MS o33 0.06219 32.08 
160.8 321.6 0.07774 40.10 
193.0 385.9 0.09328 48.12 
225.1 450.2 0.1088 56.14 
257-3 514.5 0.1244 64.16 
289.4 578.9 _ 0.1399 72.18 
321.6 643.2 0.1555 80.20 
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Prob. 6. Compute to four significant figures the values of g and 
V2g for the latitude of 4036’ and the elevation 4oo feet. Also for 
the same latitude and the elevation 4000 feet, 
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A Art. 7. HistoricaAt Notes 


Hydraulics is that branch of the mechanics of fluids which 
treats of water in motion, while Hydrostatics treats of water at 
rest. These two branches are sometimes regarded as a part of 
Hydromechanics, the name of the mechanics of fluids and gases. 
While the main purpose of this book is to treat of water in motion, 
the most important principles of hydrostatics will also be discussed, 
since these are necessary for a complete development of the laws 
of flow. The word “Hydraulics” is hence here used as closely 
synonymous with the hydromechanics of water. 


Hydraulics is a modern science which is still far from perfect. 
Archimedes, about 250 B.c., established a few of the principles 
of hydrostatics and showed that the weight of an immersed body 
is less than its weight in air by the weight of the water that it 
displaces. Chain and bucket pumps were used at this period by 
the Egyptians, and the force pump was invented by Ctesibius 
about 120 B.c. The Romans built aqueducts as early as 300 B.c., 
and later used earthen and lead pipes to convey water from them 
to their houses. They knew that water would rise in a lead pipe 
to the same level as in the aqueduct and that a slope was neces- 
sary to cause flow in the latter, but had no conception of such a 
simple quantity as a cubic foot per minute. Even this slight 
knowledge was lost after the destruction of Rome, 475 A.D., and 
Europe, for a thousand years sunk in barbarism, made no scien- 
tific inquiries until the Renaissance period began. 


Galileo, in 1630, studied the subject of the flotation of bodies 
in water, and a little later his pupils Castelli and Torricelli made 
notable discoveries, the former on the flow of water in rivers 
and the latter on the height of a jet issuing from an orifice. 
Pascal, about 1650, extended Torricelli’s researches on the 
influence of atmospheric pressure in causing liquids to rise in 
a vacuum. Mariotte, about 1680, considered the influence of 
friction in retarding the flow in pipes and channels, and New- 
ton, in 1685, observed the contraction of a jet issuing from an 
orifice, 
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During the eighteenth century notable advances were made. 
Daniel and John Bernoulli extended the theory of the equilibrium 
and motion of fluids, and this theory was much improved and 
generalized by D’Alembert. Bossut and Dubuat made experi- 
ments on the flow of water in pipes and deduced practical coeff- 
cients, while Chezy and Prony, near the close of the century, 
established general formulas for computing velocity and discharge. 


During the nineteenth century progress in every branch of 
hydraulics was great and rapid. Eytelwein, Weisbach, and 
Hagen stood high among German experimenters; Venturi and 
Bidone among those of Italy; Poncelet, Darcy, and Bazin among 
those of France; while Kutter in Switzerland, Rankine in Eng- 
land, and James B. Francis and Hamilton Smith in America also 
took high rank for either practical or theoretical investigations. 
By the experiments and discussions of these and many other en- 
gineers the necessary coefficients for the discussion of orifices, 
weirs, jets, pipes, conduits, and rivers have been determined and 
the theory of the flow of water has been much extended and per- 
fected. The invention of the turbine by Fourneyron in 1827 
exerted much influence upon the development of water power, 
while the studies necessary for the construction of canals and for 
the improvement of rivers and harbors have greatly promoted 
hydraulic science. In this advance the engineers of the United 
States did much good work during the latter part of the nineteenth 
and are continuing it during the present part of the twentieth 
century, as is shown by the numerous valuable papers published 
in the Transactions of the American engineering societies and in 
the scientific press, many of which will be cited in this book. 


Galileo said in 1630 that the laws controlling the motion of 
the planets in their celestial orbits were better understood than 
those governing the motion of water on the surface of the earth. 
This is true today, for the theory of the flow of water in pipes 
and channels has not yet been perfected. Experiment is now 
in advance of theory, but it is intended to present both in this 
volume as far as practicable, for each is necessary to a satisfac- 
tory understanding of the other, 
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Prob. 7. Who was the author of a book called Lowell Hydraulic Ex- 
periments? When and where was it pul tal What influence has it 
exerted upon hydraulic science? ~. 


sng | Art. 8. NUMERICAL COMPUTATIONS 


The numerical work of computation should not be carried 
to a greater degree of refinement than the data of the problem 
warrant. For instance, in questions relating to pressures, the 
data are uncertain in the third significant figure, and hence more 
figures than three in the final result must be delusive. Thus 
let it be required to compute the number of pounds of water in a 
box containing 307.37 cubic feet. Taking the mean value 62.5 
pounds as the weight of one cubic foot, the multiplication gives 
the result 19 210.625 pounds, but evidently the decimals here have 
no precision, since the last figure in 62.5 is not accurate, and is 
likely to be less than 5, depending upon the impurity of the water 
and its temperature. The proper answer to this problem is 
Ig 200 pounds, or perhaps 19 210 pounds, and this is to be re- 
garded as a probable average result rather than an exact quantity. 


Three significant figures are usually sufficient in the answer 
to any hydraulic problem, but in order that the last one may be 
correct four significant figures should be used in the computa- 
tions. Thus, 307.37 has five significant figures and this should be 
written 307.4 before multiplying it by 62.5. The zeros following 
a decimal point of a decimal are not counted significant figures ; 
thus, 0.co19 has two and 0.0003742 has four significant figures. 


The use of logarithms is to be recommended in hydraulic 
computations, as thereby both mental labor and time are saved. 
Four-figure tables are sufficient for common problems, and their 
use is particularly advantageous in all cases where the data are 
not precise, as thus the number of significant figures in final 
results is kept at about three, and hence statements implying 
great precision, when none really exists, are prevented. The 
four-place logarithmic table at the end of this volume will be found 
very convenient in solving numerical problems. As an example, 
let it be required to find the weight of a column of water 2.66 
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inches square and 28.7 feet long. The computation, both by | 
common arithmetic and by logarithms, is as follows, and it will 
be found, by trying similar problems, that in general the use of 


By Arithmetic By Logarithms 
2.66 0.04914 2.66 0.4249 
2.66 28.7 ‘ 2 
5.32 9828 (2% 0.8498 
I 590 39312 I44 2.1584 
__160| 144 3439 0: 2 2.6914 
7.076(0.04914 1.410 28.7 1.4579 
576 62.5 62.5 1.7959 
1316 846 Ans. 88.1 1.9452 
1296 282 
20 70 
14 Ans. 88.1 pounds. 


6 


logarithms effects a saving of time and labor. The common 
slide rule, which is constructed on the logarithmic principle, will 
also be found very useful in the numerical work of many 
hydraulic problems. 


The tables of constants, squares, and areas of circles at the 
end of this volume will also be advantageous in abridging com- 
putations. For instance, it is seen at once from Table E that the 
square of 2.66 to four significant figures is 7.076, while Table F 
shows that the area of a circle having a diameter of 0.543 inch is 
0.2316 square inch. Logarithms of hydraulic and mathematical 
constants are given in Tables A, C, and K. Tables 1a, 1b, and 
6 of this chapter and others in the next chapter give multiples of 
constants which may be advantageously used when it is necessary 
to multiply several numbers by the same constant. For example, 
when it is required to reduce 333.4, 318.7, and 98.6 cubic feet 
to U.S. gallons, the book is opened at Table 1b, where the multi- 
ples of 7.481 are given, and the work is as follows: 


333-4 318.7 08.6 
2244.2 2244.2 673.2 
224-4 74.8 59.8 
22.4 59.8 4.5 
3:0 5.2 737.5 


2494.0 2384.0 
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These results are more accurate than can be obtained with four- 


place logarithmic tables. The logarithmic work for this case 
would be the following : 


333-4 318.7 98.6 
2.5220 2.5034 1.9939 
0.8740 0.8740 0.8740 
3.3909 3-3774 2.8679 
2494 2384 737-7 


As this book is mainly intended for the use of students in 
technical schools, a word of advice directed especially to them 
may not be inappropriate. It will be necessary for students, in 
order to gain a clear understanding of hydraulic science, or of 
any other engineering subject, to solve many numerical problems, 
and in this a neat and systematic method should be cultivated. 
The practice of performing computations on any loose scraps of 
paper that may happen to be at hand should be at once discon- 
tinued by every student who has followed it, and he should here- 
after solve his problems in a special book provided for that pur- 
pose, and accompany them by such explanatory remarks as may 
seem necessary in order to render the solutions clear. Such a 
note-book, written in ink, and containing the fully worked out 
solutions of the examples and problems given in these pages, 
will prove of great value to every student who makes it. Before 
beginning the solution of a problem a diagram should be drawn 
whenever it is possible, for a diagram helps the student to clearly 
understand the problem, and a problem thoroughly understood 
is half solved. Before commencing the numerical work, it is also 
well to make a mental estimate of the final result. 


In this volume Greek letters are used only for signs of operation 
and for angles. The letter § is employed as the symbol of differenti- 
ation and it should be called “differential.” Following are names 
of some Greek letters: 


a Alpha : y Eta v Nu Phi 
B Beta 6 Theta aw Pi Ww Psi 
y Gamma « Kappa p Rho € Zeta 
8 Delta A Lambda o Sigma w Omega 


« Epsilon p Mu 7 Tau 
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.In every rational algebraic equation it is necessary that all the 
terms should be of the same dimension, for it is impossible to add 
together quantities of different kinds. This principle will be of great 
assistance to the student in checking the correctness of algebraic work. 
For example, let a and 6 represent areas and / a length; then such 
an equation as aJ—?=b is impossible, because a/ is a volume, while 
2 and 6 are areas. Again, let V represent velocity, Q cubic feet per 
second, and a area; then the equation Q=aV is correct dimensionally, 
for the dimension of V is length per second and hence aV is of the 
same dimension asQ. The equation Q/a= V? is, however, impossible, 
for Q/a is of the same dimension as the first power of V, and this can- 
not also be equal to its second power. 

Prob. 8. When the height of the water barometer is 33.5 feet, what 
is the height of the mercury barometer, and what is the atmospheric 
pressure in pounds per square inch ? 


A 
A Art. 9. DATA IN THE METRIC SYSTEM 


When the metric system is used for hydraulic computations, 
the meter is taken as the unit of length, the cubic meter as the 
unit of volume, and the kilogram as the unit of force and weight. 
Lengths are sometimes expressed in centimeters and volumes’ in 
liters, but these should be reduced to meters and cubic meters 
for use in the formulas. The unit of time is the second, the unit 
of velocity is one meter per second, and accelerations are measured 
in meters per second per second. Pressures are usually expressed 
in kilograms per square centimeter and densities in kilograms per 
cubic meter. The metric horse-power is 75 kilogram-meters 
of work per second,.and this is about 1% per cent less than the 
English horse-power. Tables at the end of this book give the 
equivalents in each system of the units of the other system, but 
the student will rarely need to use such tables. He should, on 
the other hand, exclusively employ the metric system when using 
it, and learn to think readily in it. The following matter is sup- 
plementary to the corresponding articles of the preceding pages. 

(Art. 2) At about o° centigrade ice is generally formed. 
When water is kept perfectly quiet, however, it is found that its tem- 
perature can be reduced to — 7° or — 9° before freezing begins, but at 
this instant the temperature of the water rises to o° centigrade. 
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(Art. 3) In the metric system the following approximate values 
are used for the weight of water: 


t liter of water weighs — 1 kilogram 
1 cubic meter weighs 1000 kilograms 


It may be noted that the constants for the weight of water differ 
slightly in the two systems. Thus, the equivalent of 62.5 pounds 
per cubic foot is about roor kilograms per cubic meter. The weight 
per unit of volume of pure distilled water is greatest at the temperature 
of maximum density, 4°.1 centigrade, and least at the boiling-point. 
Table 9a gives weights of distilled water at different temperatures 
in kilograms per cubic meter, as determined by Rossetti.* River 


TABLE 9a. WEIGHT OF DISTILLED WATER 


Metric Measures 


Temperature | K lograms per |{Temperature| Kilograms per || Temperature Kilograms per 
Centigrade Cubic Meter Centigrade Cubic Meter Centigrade Cubic Meter 


mao: 999.59 16° 999.90 552 985.85 

fo) 999.87 18 998.65 60 983.38 
+ 3 999.99 998.26 65 980.74 
1000.00 997.83 70 077-04 


999-99 997.12 75 974.98 
999.97 995-76 80 971.94 
999.89 994-13 85 968.79 
999-75 992.35 go 965.56 
999-55 990-37 95 962.19 
999.32 988.20 958.65 


waters are usually between 998 and:1o0o1 kilograms per cubic meter, 
depending upon the amount of impurities and the temperature, while 
the water of some mineral springs has been found as high as 1004. 
It appears then that 1000 kilograms per cubic meter is a fair average 
value to use in hydraulic work for the weight of fresh water. Brack- 
ish and salt waters are heavier. For the Gulf of Mexico the weight 
per cubic meter is about 1023, for the oceans, about 1027, while for the 
Dead Sea there is stated the value of 1169 kilograms per cubic meter. 
For Great Salt Lake the weight of water varies from 1105 to 1227 
kilograms per cubic meter. The weight of ice per cubic meter varies 
from 916 to g2t kilograms. 


* Annales de chemie et de physique, 1869, vol. 17, p. 370. 
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(Art. 4) Near the sea level the average reading of the mer- 
cury barometer is 76 centimeters, and since mercury weighs 13.6 
grams per cubic centimeter, the average atmospheric pressure is taken 
to be 76 + 0.0136 = 1.0333 kilograms per square centimeter. One 
atmosphere of pressure is therefore slightly greater than a pressure 
of one kilogram per square centimeter. Conversely, a pressure of 
one kilogram per square centimeter may be expressed as a pressure 
of 0.968 atmosphere. In a perfect vacuum water will rise to a height 
of about 10% meters under a mean pressure of one atmosphere, for the 
average specific gravity of mercury is 13.6, and 13.6 X 0.76=10.33 
meters. Table 9) shows atmospheric pressures, altitudes, and boil- 
ing-points of water corresponding to heights of the mercury and water 
barometers. 


TABLE 9). ATMOSPHERIC PRESSURE 


Metric Measures 


; Mercury 
Barometer 
Millimeters 


Pressure 
Kilograms 
per Square 
Centimeter 


Pressure 
Atmospheres 


Water 
Barometer 
Meters 


Elevations 
Meters 


Boiling-point 
of Water 
Centigrade 


79° 
760 
73° 
700 
670 
640 
610 
580 
55° 
520 


1.074 
1.033 
0.992 
952 
.QII 
.870 
.829 
.788 
748 
707 


10.74 
10.33 
9.92 
9.52 
Q.I1 
8.70 
8.29 
7.88 
7.48 
7-97 
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(Art. 5) If the weight of a cubic meter of water is 1000 kilo- 
grams at the surface of a pond, the weight of a cubic meter at a 
depth of 103 meters will be 


and at a depth of 103} meters a cubic meter will weigh 


1000 (1 + 0.00005) = 1000.05 kilograms, 


1000 (1 + 0.0005) = 1000.5 kilograms. 


Hence the variation due to compression is too small to be generally 
taken into account. 


he 


1.033 
0.00005 


The modulus of elasticity of volume for water is 


= 20 700 kilograms per square centimeter, 


Data in the Metric System. Art. 9 at 


while that of steel is about 2100000. Using g=0.8 meters per 
second per second, the mean velocity of sound in water is 


v = VEg/w = 1420 meters per second. 


(Art. 6) The formula of Peirce for the acceleration of gravity 
on the earth’s surface is 


£ = 9.78085 (1 + 0.0052375 sin?) (1 — 0.000000314 e) (9)1 
in which g is the acceleration in meters per second per second at a 
place whose latitude is / degrees and whose elevation is e meters 
above the sea level. The greatest value of g is at the sea level at 
the pole; here J = 90° and e=o0, whence g= 9.8322. The least 
value of g in hydraulic practice is found on high lands at the 
equator; here / = 0° and e = 4ooo meters, whence g = 9.7683. The 
mean of these is 9.800, which closely agrees with that found in 
Art. 6, since 32.16 feet equals 9.802 meters; accordingly 


g = 9.800 meters per second per second 


is the value of the acceleration that will be used in the metric work 
of this book. From this are found 


Vg = 4.427 1/2¢.= 0.05102 (9)o 


Table 9c gives multiples of these values which will often be of use 
in numerical computations. 


TABLE 9c. ACCELERATION DUE TO GRAVITY 


Metric Measures 
No. cee oe Ee Mop Re 
I 9.800 19.60 0.05102 4.427 I 
2 19.60 — 39.20 0.1020 8.854 2 
3 29.40 58:80 0.1531 13.282 3 
4 39.20 78.40 0.2041 yp! 4 
5 49.00 98.00 0.2551 22.14 5 
6 58.80 117.60 0.3061 26.56 6 
i 68.60 TD 0.3571 30.99 7 
8 78.40 156.8 0.4082 35.42 8 
9 88.20 176.4 0.4592 39.84 9 
10 98.00 196.0 0.5102 44.27 Io 


(Art. 8) The remarks as to precision of numerical computation 
also apply here. Thus, if it be required to find the weight of water 


22 Chap. 1. Fundamental Data 


in a pipe 38 centimeters in diameter and 6 meters long, Table F gives 
0.1134 square meter for the sectional area, the volume is then 0.6804 
cubic meter, and the weight is 680 kilograms, the fourth figure 
being omitted because nothing is known about the temperature 
or purity of the water. In general, hydraulic computations are 
much easier in the metric than in the English system. 

Prob. 9a. Compute the acceleration of gravity at Quito, Ecuador, 
which is in latitude —o 13 and at an elevation of 2850 meters above 
sea level. — 

Prob. 9b. What is the pressure in kilograms per square centimeter 
at the base of a column of water 95.4 meters high ? ; 

Prob. 9c. Compute the velocity of sound in fresh distilled water at the 
temperature of 12° centizgrad2, and also its mean velocity in salt water. 

Prob. 9¢. How many cubic meters of water are contained in a pipe 
415 meters long and 15 centimeters in diameter? How many kilograms? 
How many metric tons ? j : 

Prob. 9e. What is the boiling-point of water when the mercury ba- 
rometer reads 735 millimeters? How high will water rise in a vacuum tube 
at a place where the boiling-point of water is 92° centigrade ? 


Transmission of Pressure. Art. 10 Da: 


CHAPTER 2 
HYDROSTATICS 
Art. 10. TRANSMISSION OF PRESSURE 


One of the most remarkable properties of a fluid is its capacity 
of transmitting a pressure, applied at one point of the surface of 
a closed vessel, unchanged in intensity, in all directions, so that 
- the effect of the applied pressure is to cause’ an equal force per 
square inch upon all parts of the enclosing surface. Pascal, in 
1646, was the first to note that great forces could be produced 
in this manner; he saw that the 
total pressure increased propor- 
tionally with the area of the sur- 
face. Taking a closed barrel filled 
with water, he inserted a small 
vertical tube of considerable length 
tightly into it, and on filling the 
tube the barrel burst under the 
great pressure thus produced on its sides, although the weight 
of the water in the tube was quite small. The first diagram in 
Fig. 10a represents Pascal’s barrel, and it is seen that the unit- 
pressure in the water at B is due to the head AB and independent 
of the size of the tube AC. 


Pascal clearly saw that this property of water could be em- 
ployed in a useful manner in mechanics, but it was not until 1796 
that Bramah built the first successful hydraulic press. This 
machine has two pistons of different sizes, and a force applied to 
the small piston is transmitted through the fluid and produces 
an equal unit-pressure at every point on the large piston. The 
applied force is here multiplied to any required extent, but the 
work performed by the large piston cannot exceed that imparted 
to the fluid by the small one. Let a and A be the areas of the 


Fig. 10a. 
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small and large pistons, and p the pressure in pounds per square 
unit applied to a; then the unit-pressure in the fluid is p, and the 
total pressure on the small pis- 
ton is pa, while that on the large 
piston is pA. Let the distances 
through which the pistons move 
during one stroke be d and D. 
Then the imparted work is pad, 
and the performed work, neglect- 
ing frictional resistances, is pAD. 
Consequently ad = AD, and 
since a is small as compared with A, the distance D must be 
small compared with d. Here is found an illustration of the 
popular maxim “What is lost. in velocity is gained in force.” 


Fig. 100. 


Numerous applications of this principle are made in hydraulic 
presses for compressing materials and forging steel, as also in jacks, 
accumulators, and hydraulic cranes; some of these are briefly de- 
scribed in Art. 202. The famous Keely motor is said to have em- 
ployed this principle to produce some of its effects; very small pipes, . 
supposed by the spectators to be wires conveying some mysterious 
force, being used to transmit the pressure of water to a receiver where 
the total pressure became very great in consequence of greater area. 


In consequence of its fluidity the pressure existing at any 
point in a body of water is exerted in all directions with equal 
intensity. When water is confined by a bounding surface, as 
in a vessel, its pressure against that surface must be normal at 
every point, for if it were inclined, the water would move along 
the surface. When water has a free surface, the unit-pressure at 
any depth depends only on that depth and not on the shape of 
the vessel. Thus in the second diagram of Fig. 10a the unit- 
pressure at C produced by the smaller column of water aC is the 
same as that caused by the larger column AC, and the total ver- 
tical pressure on the upper side of the base B is the product of 
its area into the unit-pressure caused by the depth AB. 

Prob. 10. What is the upward pressure on the lower side of the base B 


in Fig. 10a? Explain why this is less than the downward pressure on the 
upper side of the base B. 


Head and Pressure. Art. 11 25 


Art. 11. Heap anp Pressure 


_ The free surface of water at rest is perpendicular to the direc- 
tion of the force of gravity, and for bodies of water of small extent 
this surface may be regarded as a plane. Any depth below this 
plane is called a “head,” or the head upon any point is its vertical 
depth below the level surface. In Art.10 it was seen that the 
unit-pressure at any depth depends only on the head and not on 
the shape of the vessel. Let / be the head and w the weight of 
a cubic unit of water; then at the depth / one horizontal square 
unit bears a pressure equal to the weight of a column of water 
whose height is , and whose cross-section is one square unit, 
or wh. But the pressure at this point is exerted in all directions 
with equal intensity. The unit-pressure p at the depth / then is 
wh, and the depth, or head, for a unit-pressure p is p/w, or 


If i be expressed in feet and in pounds per square foot, these 
formulas become, using the mean value of w, 


p = 62.5h h=0.016p 
Thus pressure and head are mutually convertible, and in fact 
one is often used as synonymous with the other, although really 
each is proportional to the other. Any unit-pressure p can be 
regarded as produced by a head h, which is frequently called 
the “ pressure head.” 

In engineering work / is usually taken in pounds per square 
inch, while / is expressed in feet. Thus the pressure in pounds 
per square foot is 62.5%, and the pressure in pounds per square 
inch is zi<z of this, or 

p = 0.4340h h= 2.304p (11). 
These rules may be stated in words as follows: 


1 foot head corresponds to 0.434 pounds per square inch; 
1 pound per square inch corresponds to 2.304 feet head. 


These values, be it remembered, depend upon the assumption 
that 62.5 pounds is the weight of a cubic foot of water, and hence 
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are liable to variation in the third significant figure (Art.4). The 
extent of these variations for fresh water maybe seen in Table 11, 
which gives multiples of the above values, and also the corre- 
sponding quantities when the cubic foot is taken as 62.3 pounds. 


TABLE 11. HEADS AND PRESSURES 


Pressure in Pounds per Pressure Wendin Hest 
Eiead Square Inch in re 
in Feet Bauer 
w= 62.5 w = 62.3 . Inch w= 62.5 w = 62.3 
I 0.434 0.433 is 2.304 2.311 
2 0.868 0.865 | 2 4.608 4.623 
3 1.302 1.298 3 6.912 6.934 
4 1.736 1.731 4 9.216 9.246 
5 2.170 2.163 5 II.520 557 
6 2.604 2.590 6 13.824 13.868 
7 3.038 3.028 7 16.128 16.180 
8 3.472 3.461 8 18.432 18.491 
9 3.906 3.804 9 20.736 20.803 
Io 4.340 + ° 4.326 Io 23.040 23.114 


The atmospheric pressure, which is about 14.7 pounds per 
square inch, is transmitted through water, and is to be added to 
the pressure due to the head whenever it is necessary to regard 
the absolute pressure. .This is important in some investigations 
on the pumping of water, and in a few other cases where a partial 
or complete vacuum is produced on one side of a body of water. 
For example, if the air is exhausted from a small globe, so that 
its tension is only 6.5 pounds per square inch, and it is submerged 
in water to a depth of 250 feet, then the absolute pressure on the 
surface of the globe is 


p = 0.434 X 250 + 14.7 = 123.2 pounds per square inch, 
and the resultant effective pressure on that surface is 
p' = 123.2 —-6.5 = 116.7 pounds per square inch. 


Unless otherwise stated, however, the atmospheric pressure need 
not be regarded, since under ordinary conditions it acts with 
equal intensity upon both sides of a submerged surface. 


Loss of Weight in Water. Art. 12 27 


Prob. 11. How many pounds per square inch correspond to a head of 
230 feet? How many feet head correspond toa pressure of 100 pounds per 
square inch ? “ 


Art.12. Loss oF WEIGHT IN WATER 


It is a familiar fact that bodies submerged in water lose part 
of their weight ; a man can carry under water a large stone which 
would be difficult to lift in air, and timber when submerged has 
a negative weight or tends to rise to the surface. The following 
is the law of loss which was discovered by Archimedes, about 
250 B.C., when considering the problem of King Hiero’s crown: 

The weight of a body submerged in water is less than its 
weight in air by the weight of a volume of water which is equal 
to the volume of the body. 


_ To demonstrate this, consider that the submerged body is 
acted upon by the water pressure in all directions, and that the 
horizontal components of these pressures must balance. Any 
vertical elementary prism is subjected to an upward pressure upon 
its base which is greater than the downward pressure upon its 
top, since these pressures are due to the __ : 
heads. Let i be the head on the top of ====== 
the elementary prism and /: that on its === = 
base, and a the cross-section of the prism; 
then the downward pressure is wa and G 
the upward pressure is wa/2. The differ- Fig. 12. 
ence of these, wa(/e—Mm) is the resultant 

upward water pressure, and this is equal to the weight of a 
column of water whose cross-section is @ and whose height is 
that of the elementary prism. Extending this theorem to all 
the elementary prisms, it is concluded that the weight of the 
body in water is less than its weight in air by the weight of an 
equal volume of water. 


It is important to regard this loss of weight in constructions 
under water. If, for example, a dam of loose stones allows the 
water to percolate through it, its weight per cubic foot is less than 
its weight in air, so that it can be more easily moved by horizontal 
forces. As stone weighs about 150 pounds per cubic foot in air, 
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its weight in water is only about 150—62=88 pounds per cubic 
foot. Ifa cubic foot of sand, having voids amounting to 4o per 
cent of its volume, weighs 110 pounds, its loss of weight in water 
is 0.60 X 62.5 = 37.5 pounds, so that its weight in water is 
11O,-937.5 = 72-5 pounds. 

The ratio of the weight of a substance to that of an equal 
volume of water is called the specific gravity of the substance, 
and this is easily computed from the law of Archimedes after 
weighing a piece of it in air and then in water; or, if w be the 
weight of a cubic unit of water and w’ the weight of a cubic unit 
of any substance, the ratio w’/w is the specific gravity of the 
substance. 


Prob. 12. A box containing 1.17 cubic feet weighs 19.3 pounds when 
empty and 133.5 when filled with sand. It is then found that 29.7 pounds 
of water can be poured in before overflow occurs. Find the percentage 
of voids in the sand, the specific gravity of the sand mass, and the specific 
gravity of a grain of sand. 


Art. 13. DeEptH oF FLOTATION 


When a body floats upon water, it is sustained by an upward 
pressure of the water equal to its own weight, and this pressure 
is the same as the weight of the volume of water displaced by 
the body. Let W’ be the weight of the floating body in air, and 


W be the weight of the displaced water; then W’ = W. Now 


let z be the depth of flotation of the body; then to find its value 
for any particular case W’ is to be expressed in terms of the linear 
dimensions of the body, and W in terms of the depth of flotation z. 
For example, a timber box caisson is 20 X 103 feet in outside 
dimensions and weighs 33 400 pounds. The weight of displaced 
water in pounds is 622 X 20 X 10} X z, and equating this to 
33 400 gives z = 2.54 feet for the depth of flotation. 


To find the depth of flotation for a cylinder lying horizontally, 
let w’ be its weight per cubic unit, / its length, and r the radius of 
its cross-section. The depth of flotation is DE, or letting 0 be the 
angle ACE, then z=(1—cos6)r. The weight of the cylinder is 
W’ = zr*l-w’, and that of the displaced water is 


W = (7 arcé — 7? sin6 cos6)] - w 


Stability of Flotation. Art. 14 29 


Equating the values of W and W’, and substituting for sin@ cos0 
its equivalent 4 sin 20, there results 


‘ 2 arcO — sin 20 = 2 ms 

in which s represents the ratio w’/w or the specific gravity of the 
material of the cylinder. From this equation 6 is to be found by 
trial for any particular case, and then z iscomputed. For example, 
if w’ = 26.5 pounds per cubic foot, 
then s is 0.424, and 


2arcO — sin 20 — 2.664 =0 


To solve this equation, values are 
to be assumed for 6, until one is 
found that satisfies it; thus from 
Table G, 


for 0 = 83° 2.897 — 0.242 — 2.664 = — 0.009 

for 0 = 83% 2.900 — 0.234 — 2.664 = + 0.008 
Therefore 6 lies between 83° and 83°15’, and is probably about 
83° 8’. Hence the depth of flotation is zg =(1 — 0.120)r = 0.881, 
or if the diameter is one foot, the depth of flotation is 0.44 feet. 

In a similar way it may be shown that the depth of flotation of 
a sphere of radius 7 and specific gravity s is given by the cubic equa- 
tion 2—37r22?+4rs=0. When r= 4 feet and s=0.65, it may be 
found by trial that z = 1.21 feet. 

Prob. 13. A wooden stick 14 inches square and 12 feet long is to be 
used for a velocity float which is to stand vertically in the water. How many 
square inches of sheet lead #2 inch thick must be tacked on the sides of this 
stick so that only 4 inches will project above the water surface? The wood 
weighs 31.25 and the lead 710 pounds per cubic foot. 


Art. 14. STABILITY OF FLOTATION 


The equilibrium of a floating body is stable when it returns 
to its primitive position after having been slightly moved there- 
from by extraneous forces; it is indifferent when it floats in any 
position, and it is unstable when the slightest force causes it to 
leave its position of flotation. For instance, a short cylinder 
with its axis vertical floats in stable equilibrium, but a long 
cylinder in this position is unstable, and a slight force causes it 
to fall over and float with its axis horizontal in indifferent equilib- 
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rium. It is evident that the equilibrium is the more stable the 
lower the center of gravity of the body. 


The stability depends in any case upon the relative position of the 
center of gravity of the body and its center of buoyancy, the latter 
being the center of gravity of the displaced water. Thus in Fig. 14 
let G be the center of gravity of the body and let C be its center of 
buoyancy when in an upright position. Now if an extraneous force 
causes the body to tip into the posi- 
tion shown, the center of gravity 
remains at G, but the center of buoy- 
ancy moves to D. In this new posi- 
tion of the body it is acted upon by 
the forces W’ and W, which are equal 
and parallel but opposite in direction. 
These forces form a couple which 
tends either to restore the body to the upright position or to cause it 
to deviate farther from that position. Let the vertical through D 
be produced to meet the center line CG in M. If M is above G, 
the equilibrium is stable, as the forces W and W’ tend to restore it 
to its primitive position; if M coincides with G, the equilibrium is 
indifferent; and if M be below G, the equilibrium is unstable. 


The point M is called the “metacenter,” and the theorem may be 
stated that the equilibrium is stable, indifferent, or unstable according 
as the metacenter is above, coincident with, or below the center of grav- 
ity of the body. The measure of the stability of a stable floating 
body is the moment of the couple formed by the forces Wand W’. But 
GM is proportional to the lever arm of the couple, and hence the quan- 
tity W X GM may be taken asa measure of stability. The stability, 
therefore, increases with the weight of the body, and with the distance 
of the metacenter above the center of gravity. (See Art. 189.) 


The most important application of these principles is in the design 
of ships, and usually the problems are of a complex character which can 
only be solved by tentative methods. The rolling of the ship due to 
' lateral wave action must also receive attention, and for this reason 
the center of gravity should not be put too low. 


Prob. 14. A square prism of uniform specific gravity s has the length 
h and the cross-section 0?. When this prism is placed in water with its axis 
vertical, it may be shown that it is in stable, indifferent, or unstable equilib- 
rium according as 0? is greater, equal to, or less than 6 hs (t — s). 


Normal Pressure. Art. 15 31 


Art. 15. Norma PressurrE 


The total normal pressure on any immersed surface may be 
found by the following theorem: 


The total normal pressure is equal to the product of the 
weight of a cubic unit of water, the area of the surface, and 
the head on its center of gravity. 


To prove this let A be the area of the surface, and imagine it 
to be composed of elementary areas, a1, dz, a3, etc., each of which 
is so small that the unit-pres- 
sure over it may be taken as 
uniform; let fi, I), hs, etc., 
be the heads on these elemen- 
tary areas, and let w denote 
the weight of a cubic unit of 
water. The unit-pressures at 
the depths /,, hy, hs, etc., are wh,, wh, wh3, etc. (Art.11), and 
hence the normal pressures on the elementary areas, a, dy, a3, etc., 
are Wa,hy, Wah, wazhz3, etc. The total normal pressure P on the 
entire surface then is 


P= wary ote Aghy a ash i etc.) 


Now let # be the head on the center of gravity of the surface; 
then, from the definition of the center of gravity, ‘ 


Qh, + aghy + aghg + etc. = Ah 
Therefore the normal pressure is 
.P =wAh (15) 


which proves the theorem as stated. 


This rule applies to all surfaces, whether plane, curved, or 
warped, and however they be situated with reference to the water 
surface. Thus the total normal pressure upon the surface of an 
immersed cylinder remains the same whatever be its position, 
provided the depth of the center of gravity of that surface be 
kept constant. It is best to take / in feet, A in square feet, and 
w as 62.5 pounds per cubic foot; then P will be in pounds. In 
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case surfaces are given whose centers of gravity are difficult to 
determine, they should be divided into simpler surfaces, and then 
the total normal pressure is the sum of the normal pressures on 
the separate surfaces. 


The normal pressure on the base of a vessel filled with water 
is equal to the weight of a cylinder of water whose base is the base 
of the vessel, and whose height is the depth of water. Only in 
the case of a vertical cylinder does this become equal to the weight 
of the water, for the pressure on the base of a vessel depends upon 
the depth of water and not upon the shape of the vessel. Also 
in the case of a dam, the depth of the water and not the size of the 
pond, determines the amount of pressure. 


When a surface is plane, the total normal pressure is the result- 
ant of all the parallel pressures acting upon it. This is not true 
for curved surfaces ; for, as the pressures have different directions, 
their resultant is not equal to their numerical sum, but must be 
obtained by the rules for the composition of forces. For exam- 
ple, when a sphere of diameter d is filled with water, the total 
normal pressure as found by the formula (15) is 


P=w-rd?-3d=4urd 


but the resultant pressure is nothing, for the elementary normal 
pressures act in all directions so that no tendency to motion ” 
exists. The weight of water in this sphere is ¢ wad, or one- 
third of the total normal pressure, and the direction of this is 
vertical. 


Prob. 15. An ellipse, with major and minor axes equal to 12 and 8 
feet, is submerged so that one extremity of the major axis is 2.5 and the other 
9.5 feet below the water surface. Find the normal pressure on one side. 


Art. 16. PRESSURE IN A GIVEN DIRECTION 


The pressure against an immersed plane surface in a given 
direction may be found by obtaining the normal pressure by Art. 
15 and computing its component in the required direction, or by 
means of the following theorem: 


Pressure in a Given Direction. Art. 16 33 


The horizontal pressure on any plane surface is equal to the 
normal pressure on its vertical projection; the vertical pressure 
is equal to the normal pressure on its horizontal projection; and 
the pressure in any direction is equal to the normal pressure on 
a projection perpendicular to that direction. 


To prove this let A be the area of the given surface, represented 
by AA in Fig. 16a, and P the normal pressure upon it, or P=wAh. 
Now let it be required to find the pres- 
sure P’ ina direction making an angle 0 
with the normal to the given plane.. 
Draw A’A’ perpendicular to the direc- 
tion of P’, and let A’ be the area of 
ihe projection of A upon it. -The 
value of P’ then is Fig. 16a. 
P’ = P cos0 = wAhcosé 


But Acosé@ is the value of A’ by the construction. Hence 
P’=wA'h (16) 


and the theorem is thus demonstrated. 


This theorem does not in general apply to curved surfaces. 
But in cases where the head of water is so great that the pressure 
may be regarded as uniform it is also true for curved sur- 

faces. For instance, consider a 
cylinder or sphere subjected on 
every elementary area to the unit- 
pressure p due to the high head 4, 
-and let it be required to find the 
pressure in the direction shown by 
gi, gz, and gq; in Fig.16d. The 
pressures p1, pe, pa, etc., on the ele- 
mentary areas 41, dz, a3, etc., have 


Fig. 16d. the values 
pi = pau, pr = par, ps = paz, LG, 
and the components of these in the given direction are 


gi = pa, cosh, 2 = paz COs@s, Js = paz Cos@s, etc., 
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whence the total pressure P’ in the given direction is 
P’ = p(a; cos6; + a2 cosh, + a3 cos@s + etc.) 


But the quantity in the parenthesis is the projection of the 
given surface upon a plane perpendicular to the given direction, 
or MN. Hence there results 


P’=pXareaMN 
which is the same rule as for plane surfaces. 


For the case of a water pipe let p be the interior pressure per 
square inch, ¢ its thickness, and d its diameter in inches. Then 
for a length of one inch the force tending to rupture the pipe 
longitudinally is pd. The tensile unit-stress S in the walls of the 
pipe acting over the area 2¢ constitutes the resisting force 21S. 
Since these forces are equal, it follows that 2S¢ = pd is the funda- 
mental equation for the discussion of the strength of water pipes 
under static water pressure. For example, when the tensile 
strength of cast iron is 20 000 pounds per square inch, the unit- 
pressure p required to burst a pipe 24 inches in diameter and 0.75 
inches thick is 1250 pounds per square inch, which corresponds 
to a head of 2880 feet. 

Prob. 16. A circular plate 5 feet in diameter is immersed so that the head 


on its center is 18 feet, its plane making an angle of 30° with the vertical. 
Compute the horizontal and vertical pressures upon one side of it. 


Art. 17. CENTER OF PRESSURE ON RECTANGLES 


The center of pressure on a surface immersed in water is the 
point of application of the resultant of all the normal pressures 
upon it. The simplest case is the following : 


When a rectangle is placed with one end in the water sur- 
face, the center of pressure is distant from that end two-thirds 
of the length of the rectangle. 


This theorem will be proved by the help of the graphical illus- 
tration shown in Fig.17a. The rectangle, which in practice 
might be a board, is placed with its breadth perpendicular to the 
plane of the drawing, so that AB represents its edge. It is re- 
quired to find the center of pressure C. For any head h the unit- 


Center of Pressure on Rectangles. Art. 17 35 


pressure is wh (Art.15), and hence the unit-pressures on one side 
of AB may be graphically represented by arrows which form a 
triangle. Now when a force P equal to the total pressure is 
applied on the other side of the 
rectangle to balance these unit- 
pressures, it must be placed 
opposite to the center of gravity 
of the triangle. Therefore AC 
equals two-thirds of AB, and the 
rule is proved. The head on C 
is evidently also two-thirds of 
the head on B. 


Another case is that shown in Fig.176, where the rectangle, 
whose length is B,B., is wholly immersed, the head on B, being 
fy, and on B, being A. Let 
AB = 01,0) AG ane 
AB, = b,. Now the normal 
pressure De on AB, is ap- 
plied at the distance 7}, 
from A, and the normal 
pressure P, on AB, is applied at the distance 3}, from A. The 
normal pressure P on B,B, is the difference of P, and P2, or 
P =P,—P,. Also by taking moments about A as an axis, 


PXy=P2X3b,—-PiXFh 

Now, by Art.15, the normal pressures P, and P, for a rectangle 
one unit in breadth are P, = 3} wh,h. and P, = } wh,h,, whence 
the total normal pressure is P = } w(bjh. — bf), and accordingly 
the center of pressure is given by 
— 2, b2*hy — bi*hy 

*  Doltg — bik 
When @ is the angle of inclination of the plane to the water sur- 
face, the values of % and fy are bz sind and 0,sin@. Accord- 
ingly the expression becomes 


Fig. 17a. 


b.° — 5,3 
y=. ane (17), 
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Again, if h’ is the head on the center of pressure, y = h’ cosec, 
be = kn cosec@, and 6; =f, cosecO. These inserted in the last 
equation give hs —h? (17), 
hy? — hi? 

These formulas are very convenient for computation, since the 
squares and cubes may be taken from tables. 


colby 


hi = 


If i, equals », the above formula becomes indeterminate, 
which is due to the existence of the common factor /, — / in 
both numerator and denominator of the fraction; dividing out 
this common factor, it becomes 

h! =2. hy? + holy + In? 
Ig + My 


from which, if f2 = /, = h, there is found the result h’ = h. 


Prob. 17. In Fig. 17a let the length of AB be 8.5 feet and its inclination 
to the vertical be 45 degrees. Find the depth of the center of pressure. — 


Art. 18. GENERAL RULE FOR CENTER OF PRESSURE 


For any plane surface immersed in a liquid, the center of 
pressure may be found by the following rule: 


Find the moment of inertia of the surface and its statical 
moment, both with reference to an axis situated at the intersec- 
tion of the plane of the surface with the water level. Divide 
the former by the latter and the quotient is the perpendicular 
distance from that axis to the center of pressure. 


The demonstration is analogous to that in the last article. 
Let B,B, in Fig. 170 be the trace of the plane surface, which itself 
is perpendicular to the plane of the drawing, and C be the center 
of pressure, at a distance y from A where the plane of the surface 
intersects the water level. Let a,, a2, as, etc., be elementary 
areas of the surface, and Jy, yz, hs, etc., the heads upon them, 
which produce the normal elementary pressures, wa,/,, wayhp, 
wa3hz, etc. Let, yo, y3, etc., be the distances from A to these 
elementary areas. Then taking the point A as a center of mo- 
ments, the definition of center of pressure gives the equation 


J (waihy + Wdehe + Wwa3h3 + etc.) se wayhyyy + Wah» + Wwashsyz + ebGs 
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Now. let 6 be the angle of inclination of the surface to the 
water level; then =; sinO, I = yp sind, hs = y3 sind, etc. 
Hence, inserting these values, the expression for y is 


cas ayy a Ayo” =. a3V3" = euc. 
A1V1 + Ayo + Azy3 + etc. 


The numerator of this fraction is the sum of the products obtained 
by multiplying each element of the surface by the square of its 
distance from the axis, which is called the moment of inertia of 
the surface. The denominator is the sum of the products ob- 
tained by multiplying each element of the surface by its distance 
from the axis, which is called the statical moment of the surface. 


Therefore _ moment of inertia _ 1’ 


statical moment Fos 


(18) 


is the general rule for finding the position of the center of pressure 
of an immersed plane surface. 


The statical moment of a surface is simply its area multiplied 
by the distance of its center of gravity from the given axis. The 
moments of inertia of plane surfaces with reference to an axis 
through the center of gravity are deduced in works on theoretical 
mechanics; the following are a few values, the axis being parallel to 
the base of the rectangle or triangle: 


for a rectangle of base b and depth d, J = qs bd’ 
for a triangle of base b and altitude d, I = 3's bd® 
for a circle with diameter d, I= e7d' 


To find from these the moment of inertia with reference to a par- 
allel axis, the well-known , formula I’ =I+ Ak? is to be used, 
where A is the area of the surface, 
k the distance from the given axis to 
the center of gravity of the surface, 
and J’ the moment of inertia re- 
quired. 


F 


For example, let it be required 
to find the center of pressure of a 
vertical circle immersed so that the head on its center is 
equal to its radius. The area of the circle is } 7d’, and its 


Fig. 18. 
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statical moment with reference to the upper edge is { 7d? X 3 d. 


Then from (18) _eemd'+} rd -3@ gg 
Rates. 
or the center of pressure is at a distance $d below the center of 
the circle. 


Prob. 18. Find the depth of flotation for the triangle in Fig. 18. Also 
find the position of the center of pressure upon it in terms of z. 


Art. 19. PRESSURES ON GATES AND. DAMS 


In the case of an immersed plane the water presses equally 
upon both sides so that no disturbance of the equilibrium results 
from the pressure. But in case the water is at different levels on 
opposite sides of the surface the opposing pressures are unequal, 
For example, the cross-section of.a self- 
acting tide-gate, built to drain a salt 
marsh, is shown in Fig. 19a. On the 
ocean side there is a head of i, above 
the sill, which gives for every linear foot 
of the gate the horizontal pressure 


Pi =wxXhXih=twh?e 


which is applied at the distance 3}, 
above the sill. On the other side the 
head on the sill is /, which gives the 
horizontal pressure Po = } wh)? acting 
in the opposite direction to that of P;. The resultant horizon- 


tal pressure is P =P,—P,=4w(h?— hy?) 
and if z be the distance of the point of application of P above 
. the sill, the equation of moments is 

P2=PiXah—P2Xth 
from which zg can be computed. For example, if /, is 7 feet and 
h, is 4 feet, the resultant pressure on one linear foot of the gate 
is found to be 1031 pounds and its point of application to be 2.82 


feet above the sill. The action of this gate in resisting the water 
pressure is like that of a beam under its load, the two points of 
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_ support being at the sill and the hinge. If his the height of the 
gate, the reaction at the hinge is Pz/h, and from the above expres- 
sion for Pz it is seen that this reaction has its greatest value when 
h, becomes equal to # and Jz is zero. In the case of the vertical 
gate of a canal lock, which swings horizontally like a door, a 
similar problem arises and a similar conclusion results. 


When the water level behind a masonry dam is lower than 
its top, as in Fig. 190, the water pressure on the back is normal 
to the plane AB and for computations this may be resolved into 


Fig. 19¢. 


horizontal and vertical components. Let / be the height of water 
above the base, 8 the angle which the back makes with the vertical, 
then from Arts. 15-16 the values of these pressures, for one 
linear unit of the dam, are 
Normal Pressure VN = w - hsecO-4h=4 wh’? sec0 
Horizontal Component H = N cos@ = § wh? 
Vertical Component V = WN siné = 4 wh? tand 

and from Art. 17 the point of application of these pressures is at 
a distance 3 2 above the base. Except in the case of hollow dams 
only the horizontal component H need usually be considered, since 
the neglect of V is on the side of safety. 

When the water runs over the top of a dam, as in Fig. 19c, 
let # be the height of the dam and d the depth of water on its 
crest. ‘Then 

Normal Pressure V=w- hsecd- (d+3 h) =4 wh(h+2d)secd 
Horizontal Component H = N cos0 = 4 wh(h+ 2d) 
Vertical Component V=N sind =}3 wh(h+ 2d)tan? 
and, from Art.17, the point of application above the base AD is 


ah-A3¢. ih 
h+ed 
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when d = 0, these expressions for H and p become 3 wh? and 3h. 
If d is infinite, the value of p reduces to 3 /# and hence in no case 
can the pressure WV be applied as high as the middle of the height 
of the dam. Unless the dam be hollow or @ be greater than 30° 
it will usually be proper to neglect V and to consider only H. 


It is not the place here to enter into the discussion of the subject of 
the design of masonry dams, but two ways in which they are liable to 
fail may be noted. The first is that of sliding along a horizontal joint, 
as AD; here the horizontal component of the thrust overcomes the 
resisting force of frict‘on acting along the joint. If W is the weight of 
masonry above the joint, and / the coefficient of friction, the resist- 
ing friction is fW, and the dam will slide if the horizontal component 
of the pressure is equal to or greater than this. The condition for failure 
by sliding then is 7=/W. For example, consider a masonry dam of 
rectangular cross-section which is 4 feet wide and h feet high, the water 
being level with its top. Let its weight per cubic foot be 140 pounds, 
and let it be required to find the height / for which it would fail by 
sliding along the base, the coefficient of friction being 0.70. The 
horizontal water pressure is $ X 62.5 X /® and the resisting fric- 
tion is 0.7 X 140X4X/h. Placing these equal, there is found for the 
height of the dam = 12.5 feet. 


The second method of failure of a masonry dam is by over- 
turning, or by rotating about the toe D. This occurs when the moment 
of H equals the moment of W with respect to D, or if p and q are the 
lever arms dropped from D upon the directions of H and W, the condi- 
tion for failure by rotation is Hp=Wg. For example, when it is 
required to find the height of the above rectangular dam so that it 
will fail by rotation, the lever arms p and g are 3h and 2 feet, 
and the equation of moments with respect to the toe of the dam is 


5 X102.5 X A? X Ah = Tae a x oe 


from which there is found h=10.4 feet. The horizontal water 
pressure for one linear foot of the dam at the instant of failure is 
3 wh? = 3380 pounds. 

In the case of an overfall dam, as in Fig.19c, the falling sheet of 
water produces a partial vacuum when air cannot freely enter behind 
it, and thus the force H, tending to produce sliding, is increased. In 
the design of a dam consideration must also be given to the upward 
pressure of that water which gains access either beneath its foundation 
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or directly into its mass. This upward pressure is equivalent to a 
loss of weight due to percolating water, as was described in Art. 12. 


Prob. 19. A water pipe passing through 
a masonry dam is closed by a cast-iron cir- 
cular valve AB, which is hinged at A, and ===) == 
which can be raised by a vertical chain BC. 
The diameter of the valve is 3 feet, its plane 
makes an angle of 27° with the vertical, and 
the depth of its center below the water level 
is 12.5 feet. Compute the normal water 
pressure P, and the distance of the center of 
pressure from the hinge A. Disregarding the 
weight of the valve and chain, compute the 
force F required to open the valve. When the weight of the chain is 
23 pounds and that of the valve 180 pounds, compute the force F. 


Water-pipe 


Fig. 19d. 


Art. 20. Hyprostatics In Metric MEASURES 


(Art. 11) When the head / is in meters and the unit-pressure 
p is in kilograms per square meter, the formulas (11), become 
p = 1000h h = 0.001p 
In engineering practice p is usually taken in kilograms per square 
centimeter, while / is expressed in meters. Then 
p=o.th h = 10p (20) 
Stated in words these practical rules are: 


1 meter head corresponds to o.1 kilogram per square centimeter 
t kilogram per square centimeter corresponds to 10 meters head 


These values depend upon the assumption that 1000 kilograms is 
the weight of a cubic meter of water, and hence results derived from 
them are liable to an uncertainty in the third or fourth significant 
figure, as Table 20 shows. 


The atmospheric pressure of 1.033 kilograms per square centi- 
meter is to be added to the pressure due to the head whenever it is 
necessary to regard the absolute pressure. For example, if the air 
is exhausted from a small globe so that its pressure is only 0.32 kilo- 
gram per square centimeter and it be submerged in water to a depth 
of 86 meters, the absolute pressure per square centimeter on the globe 
is 0.1 X 86 + 1.033 = 9.633 kilograms, and the resultant effective 
pressure per square centimeter is 9.633 —0.32= 9.313 kilograms. 
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TABLE 20. HEADS AND PRESSURES 


Metric Measures 


Pressure in Kilograms Pressure Head in Meters 
per Square Centimeter in Kilo- 
grams per 
Square 
w= 907 Centimeter 


Head 
in Meters 


0.0997 
0.1994 
0.2991 
0.3988 
0.4985 
0.5982 
0.6979 
0.7976 
0.8973 
0.9970 


I 
2 
3 
4 
5 
6 
7 
8 
9 


Oo ON AN PW DN 


H 
° 
H 
° 


(Art.12) The specific gravity of a substance is expressed by 
the same number as the weight of a cubic centimeter in grams, or the 
weight of a cubic decimeter in kilograms, or the weight of a cubic 
meter in metric tons. Thus, if the specific gravity of stone is 2.4, 
a cubic meter weighs 2.4 metric tons or 2400 kilograms. A bar one 
square centimeter in cross-section and one meter long contains 100 
cubic centimeters; hence if such a bar be of steel having a specific 
gravity of 7.9, it weighs 790 grams or 0.79 kilogram in air, while 
in water it weighs 690 grams or 0.69 kilogram. 

(Art.15) Here hk is to be taken in meters, A in square meters, 
and w as 1000 kilograms per cubic meter ; then P will be in kilograms. 


(Art. 16) For a-water pipe let p be the interior pressure in 
kilograms per square centimeter and d its diameter in centimeters. 
Then for a length of one centimeter the force tending to rupture the 
pipe longitudinally is pd. Let S be the stress in kilograms per square 
centimeter in the walls of the pipe; this acts over the area 2t, if ¢ 
be the thickness. As these forces are equal, the equation 2St = pd is 
to be used for the investigation of water pipes. For example, let it 
be required to find what head will burst a cast-iron pipe 60 centime- 
ters in diameter and 2 centimeters thick; the tensile strength of the 
material being 1400 kilograms per square centimeter. Using the 
equation, the value of p is found to be 93.3 kilograms per square cen- 
timeter and then, from Art. 9, the required head h is 933 meters. 
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(Art.19) Consider a rectangular masonry dam which weighs 
2400 kilograms per cubic meter and which is 1.4 meters thick. First, 
let it be required to find the height of water for which it would fail 
by sliding, the coefficient of friction being 0.75. The horizontal water- 
pressure is  X 1000 X /?, and the resisting friction is 0.75 X 2400 X 
1.4 X h; placing these equal, there is found # = 5.04 meters. Sec- 
ondly, to find the height for which failure will occur by rotation, the 
equation of moments is 


$X 1000Xh?Xth= 2400 X 1.4 XA X 0.75 


from which there is found # = 3.89 meters. The horizontal water- 
pressure for one linear meter of this dam is } wh?= 7560 kilograms. 


Prob. 20a. In a hydrostatic press one-half of a metric horse-power is 
applied to the small piston. ‘The diameter of the large piston is 50 centi- 
meters and it moves 2 centimeters per minute. Compute the pressure 
in the liquid. 

Prob. 206. What is the specific gravity of dry hydraulic cement of 
which 20.6 cubic centimeters weigh 63.2 grams? If a cube of stone 12.4 
centimeters on each edge weighs 4.88 kilograms, what is its specific gravity ? 


Prob. 20c. In Fig. 19a let the head on one side of the gate be 2.5 and on 
the other side 0.6 meters above the sill. Find the resultant pressure for 
one linear meter of the gate and the distance of its point of application above 
the sill. 
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CHAPTER 3 
THEORETICAL: HYDRAULICS 


Art. 21. Laws oF FALLING BODIES 


Theoretical Hydraulics treats of the flow of water when 
unretarded by opposing forces of friction. In a perfectly smooth 
inclined trough water would flow with accelerated velocity and 
be governed by the same laws as those for a body sliding down 
a frictionless inclined plane. Such a flow is, however, never 
found in practice, for all surfaces over which water moves are 
more or less rough. Friction retards the motions caused by 
gravity so that the theoretic velocities deduced in this chapter 
constitute limits which cannot be exceeded by the actual veloc- 
ities. Many of the laws governing the free fall of bodies in a 
vacuum are similar to those of both theoretical and practical 
hydraulics, and hence they will here be briefly discussed. 


A body at rest above the surface of the earth immediately 
falls when its support is removed. When the fall occurs in a 
vacuum, its velocity at the end of one second is g feet, the mean 
value of g being 32.16 feet per second per second, and at the end 
of ¢ seconds its velocity is V = gt. The distance passed through 
in the time ¢ is the product of the mean velocity $V by the 
number of seconds, or hk = 3 gi. Eliminating ¢ from these two 
equations gives 

V = V2¢h or h=V?/2g (21), 
which show that the velocity varies with the square root of the 
height and that the height varies as the square of the velocity. 

When a falling body has the initial velocity u at the begin- 
ning of the time ¢, its velocity at the end of this time is V = w + gt 
and the distance passed over in that time is h=ut+4 gi. 
Eliminating ¢ from these equations gives 


V= Vagh+u? or = (7 _ u’)/2g (21). 
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as the relations between V and & for this case. These formulas 
are also true whatever be the direction of the initial velocity w. 


When a body of weight W is at the height # above a given 
horizontal plane, its potential energy with respect to this plane 
is Wh. When it falls from rest to this plane, the potential energy 
is changed into the kinetic energy WV2/2g if no work has 
been done against frictional resistance, and therefore V? = 2gh. 
When it has a velocity u in any direction at the height # above 
the plane, its energy there is partly potential and partly kinetic, 
the sum of these being Wh + W-u?/2g; on reaching the plane 
it has the kinetic energy WV?/2g. Placing these equal, there 
results V? = 2gh + wu, as found above by another method. In 
general, reasoning from the standpoint A 
of energy is more satisfactory than Os, 


that in which the element of time is = 
employed. hy One 
The general case of a body moving he 
toward the earth is represented in 
Fig.21. When the body is at A, it is 
at a height #, above a certain horizontal plane and has the 
velocity v,. When it has arrived at B, its height above the 
plane is /, and its velocity is %. In the first position the sum 
of its potential and kinetic energy with respect to the given 


horizontal plane is ‘ 
V1 
W(t. +2) 
2§ 


and in the second position the sum of these energies is 
W(te + » 
28 


If no energy has been lost between the two positions, these two 
expressions are equal, and hence 


2 2 
In + = hy +> (21)3 
28 2g 


Fig. 21. 


This equation is the simplest form of Bernouilli’s theorem (Art. 
31). It contains two heights and two velocities, and when 
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three of these quantities are given, the fourth can be found ; 
thus, if 71, 4, and /, are given, the value of 22 is 

Do V 2g (ly — In) + 0? 
where /, — Jy is the vertical height of A above B. With proper 
changes in notation this expression reduces to (21),, which is for 
the case where the horizontal plane passes through B, and to (21),, 
which is the case where there is no initial velocity. 


Prob. 21. A body enters a room through the ceiling with a velocity of 47 
feet per second, and in a direction making an angle of 27° with the ver- 
tical. If the height of the room is 16 feet, find the velocity of the body 
as it strikes the floor, resistances of the air being neglected. 


Art. 22. VELocITY OF FLOW FROM ORIFICES 


When an orifice is opened, either in the base or side of a vessel 
containing water, the water flows out with a velocity which is 
greater for high heads than for low heads. The theoretic velocity 
of flow is given by the theorem established by Torricelli in 1644: 


The theoretic velocity of flow from the orifice is the 
same as that acquired by a body after having fallen from 
rest in a vacuum through a height equal to the head of 
water on the orifice. 


One proof of this theorem is by experience. When a vessel is 
arranged, as in the first diagram of Fig.22, so that a jet of water 
from an orifice is directed vertically upward, it is known that it 
never attains to the height of 
the level of the water in the 
vessel, although under favor- 
able conditions it nearly reaches 
that level. It may hence be 
inferred that the jet would 
actually rise to that height 
were it not for the resistance 
of the air and the friction of 
- the edges of the orifice. Now, since the velocity required to 
raise a body vertically to a certain height is the same as that 
acquired by it in falling from rest through that height, it is re- 
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garded as established that the velocity at the orifice is that stated 
in the theorem. 


The following proof rests on the law of conservation of energy. 
Let, as in the second diagram of Fig. 22, ihe water surface in a vessel 
be at A and let the flow through the orifice occur for a very short in- 
terval of time during which the water surface descends to A;. Let 
W be the weight of water between the planes A and A, which is evi- 
dently the same as that which flows from the orifice during the short 
time considered. Let W, be the weight of water between the planes 
A, and B, and h, the height of its center of gravity above the orifice. 
Let h be the height of A above the orifice, and 8% the small distance 
between A and A;. At the beginning of the flow the water in the vessel 
has the potential energy Wiki +W (h—38h) with respect to B. 
V being the velocity at the orifice, the same water at the end of the 
short interval of time has the energy Wy/i+W - V?/2g. By the law 
of conservation these are equal if no energy has been expended in 
overcoming frictional resistances; thus h—}8h=V?/2g. Here 8h 
is very small if the area A is large compared with the area of the ori- 
fice, and thus V? =2gh, which is the same as for a body falling from 
rest through the height “. Or h—%38h may be regarded as an aver- 
age head corresponding to an average velocity V, so that in general 
V?/2g is equal to the average head on the orifice. 


Tor any orifice, therefore, whether its plane is horizontal, 
vertical, or inclined, provided the head / is so large that it has 
practically the same value for all parts of the orifice, the relation 
between V and / is 

V = V2¢h or h= V?/2g (22), 
the first of which gives the theoretic velocity of flow due to a given 
head, while the second gives the theoretic head that will produce 
a given velocity. The term “velocity-head” will generally be 
used to designate the expression V?/2g, this being the height to 
which the jet would rise if it were directed vertically upward and 
there were no frictional resistances. Using for g the mean value 
32.16 feet per second per second (Art.7), these formulas become 


V =8.020Vh h=0.01555 V? (22). 


in which h must be in feet and V in feet per second. The follow- 
ing table gives values of the velocity V corresponding to a given 
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head # and also values of the velocity-head / corresponding to a 
given velocity V. It is seen that small heads produce high theo- 
retic velocities. The relation between / and V is the same as that 
between the ordinate and abscissa of the common parabola when 
the origin is at the vertex. It may also be noted that the dis- 
cussion here given applies not only to water but to any liquid; 
thus V2 = 2gh is theoretically true for alcohol and mercury as 
well as for water. 


TABLE 22. VELOCITIES AND VELOCITY-HEADS 


V=V2gh = 8.020 Wh h=V2/2g =0.01555 V2 
Head | Velocity | preaq | Velocity |) To'pece| Head fin Feet | Head 
in Feet in Feet in Feet in Feet per ia Feet per in Feet 
per Second per Second Second Second 
O.1 2.537 I 8.02 ii 0.016 IO 1.56 
0.2 3.587 2 11-33 2 0.062 20 6.22 
0.3 4.393 3 13.89 3 0.140 30 13.99 
0.4 5.072 4 16.04 4 0.249 40 24.88 
0.5 5-671 5 17.93 5 0.389 50 38.87 
0.6 6.212 6 19.64 6 0.560 60 55-97, 
0.7 6.710 7 222 7 0.762 70 76.10 
0.8 7.171 8 22.68 8 0.995 80 99.51 
0.9 7.608 9 24.06 9 1.260 go 125.05 
I.0 8.020 Io 25.30 10 T5515 100 155.50 


When a Pitot tube (Art. 41) is placed with its mouth in the 
plane of the horizontal orifice in Fig.22, and at the contracted 
section of the jet (Art. 45), it will be found that the water in 
it stands practically at the level of the water in the vessel.* In 
this manner the frictional resistance of the air is eliminated, 
and a valuable experimental demonstration of the theorem 
which connects the velocity and the velocity-head is 
obtained. 

Prob. 22. Find from Table 22 the velocity due to a head of 0.085 


feet, and the velocity-head corresponding to a velocity of 65.5 feet per 
second, 


* Engineering Record, Feb. 15, 1902. 
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ArT. 23. FLOW UNDER PRESSURE 


The level of water in the reservoir and the orifice of outflow 
have been thus far regarded as subjected to no pressure, or at least 
only to the pressure of the atmosphere which acts upon both with 
the same mean force of 14.7 pounds per square inch, since the 
head / is rarely or never so great that a sensible variation in at- 
mospheric pressure can be detected between the orifice and the 
water level. But the upper level of the water may be subject to 
the pressure of steam or to the pressure due to a heavy weight or 
toa piston. The orifice may also be under a pressure greater or 
less than that of the atmosphere. It is required to determine 
the velocity of flow from the orifice under these conditions. 


First, suppose that the surface of the water in the vessel or: 
reservoir is subjected to the uniform pressure of p) pounds per 
square unit above the atmospheric pressure, while the pressure 
at the orifice is the same as that of the atmosphere. Let h be 
the depth of water on the orifice. The velocity of flow V is greater 
than \/2gh on account of the pressure fo, and it is evidently the 
same as that from a column of water whose height is such as to 
produce the same pressure at the orifice. If w is the weight of 
a cubic unit of water, the unit-pressure at the orifice due to the 
head is wh, and the total unit-pressure at the depth of the orifice 
is p = wh + po, and from formula (11), the head of water which 
would produce this total unit-pressure is 


Lares 


Ww Ww 


Accordingly the theoretic velocity of flow from the orifice is 
V = V2g (b+ po/w) 
or, if do denote the head corresponding to the pressure po, 
V = V 2g (h+ ho) 
The general formula (22), thus applies to any small orifice if H 
be the head corresponding to the static pressure at the orifice. 


Secondly, suppose that the surface of the water in the vessel 
is subjected to the unit-pressure fo, while the orifice is under the 
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external unit-pressure p,. Let # be the head of actual water on 
the orifice, 4) the head of water which will produce the pressure 
fo, and fh, the head which will produce p,. The theoretic ve- 
locity of flow at the orifice is then the same as if the orifice were 
under a head hk + fy — My, or 


V = V2g(h+ hy — In) N23 
in which the values of io and i are 

ho=po./w and h=p,/w 
Usually po and f; are given in pounds per square inch, while — 
ho and fy are required in feet; then (Art. 11) 


ho = 2.304Po0 hy = 2.304/1 
The values of ) and p, may be absolute pressures, or merely pres- 


sures above the atmosphere. In the latter case p; may sometimes 
be negative, as in the discharge of water into a condenser. 


As an illustration of these principles let the cylindrical tank 
in Fig. 23 be 2 feet in diameter, and upon the surface of the water 
let there be a tightly fitting pis- 
ton which with the load W weighs 
3000 pounds. At the depth 8 feet 
below the water level are three 
small orifices: one at A, upon 
which there is an exterior head of 
water of 3 feet; one not shown 
in the figure, which discharges 

Fig, 23. directly into the atmosphere; and 

one at C, where the discharge is 

into a vessel in which the air pressure is only 10 pounds per 

_ square inch. It is required to determine the velocity of efflux 

from each orifice. The head fo corresponding to the pressure on 
the upper water surface is 


ie Po = 3000 
W 93.1420 0255 
The head / is 3 feet for the first orifice, o for the second, and 


— 2.304 (14.7 —10)=— 10.83 feet for the third. The three 
theoretic velocities of outflow then are: 


= 15.28 feet 
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V =8.02V8+15.28— 3 =361 feet per second, 
V =802V8+15.28+ 0 = 38.7 feet per second, 
V = 8.02 V8 + 15.28+ 10.83 = 46.8 feet per second. 

In the case of discharge from an orifice under water, as at A 
in Fig. 23, the value of 4 — h, is the same wherever the orifice be 
placed below the lower level, and hence the velocity depends 
upon the difference of level of the two water surfaces, and not 
upon the depth of the orifice. 


The velocity of flow of oil or mercury under pressure is to be de- 
termined in the same manner as water by finding the heads which will 
produce the given pressure. Thus in the preceding numerical example, 
if the liquid is mercury whose weight per cubic foot is 850 pounds 
the head of mercury corresponding to the pressure of the piston is 

hae 3000 
3.142 X 850 
and, accordingly, for discharge into the atmosphere at the depth 
h= 8 feet the velocity is 
V = 8.02V8-+ 1.12 = 24.2 feet per second, 


= 1.12 feet, 


while for water the velocity was 38.7 feet per second. The general 
formula (22); is applicable to all cases of the flow of liquids from 
a small orifice if for 4 its value p/w be substituted where # is the re- 
sultant unit-pressure at the depth of the orifice and w the weight of 
a cubic unit of the liquid. Thus for any liquid 

V =V2¢p/w (23)2 
is the theoretic velocity of flow from the orifice. Accordingly for the 
same unit-pressure p the velocities are inversely proportional to the 
square roots of the densities of the liquids. 

Prob. 23. What is the theoretic velocity of flow from a small 
orifice in a boiler 2 feet below the water level when the steam-gage reads 
75 pounds per square inch? What is the theoretic velocity when the 
gage reads o ? 


Art. 24. INFLUENCE OF VELOCITY OF APPROACH 


Thus far in the determination of the theoretic velocity and 
discharge from an orifice, the head upon it has been regarded 
as constant. But if the cross-section of the vessel is not large, 
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the head can only be kept constant by an inflow of water, and this 
will modify the previous formulas. In this case the water ap- 
proaches the orifice with an initial velocity. Let a be the area of 
the orifice and A the area of the horizontal cross-section of the 
vessel. Let V be the velocity of flow through 
a and v be the vertical velocity of, inflow 
through A. Let W be the weight of water 
flowing from the orifice in one second; then 
an equal weight must enter at A in one sec- 
ond in order to maintain a constant head h. 
The kinetic energy of the outflowing water is 
W - V?/2g, and this is equal, if there be no loss of energy, to 
the potential energy Wh of the inflowing water plus its kinetic 
energy W - v/2¢, 


Fig. 24. 


2 2 
or we =wet+we 
2g 2§ 
Now since the same quantity of water Q passes through the two 
areas in one ‘second, 0 = aV = Av, whence »v = V-a/A. In- 
serting this value of v in the equation of energy, there is found 


5 ; 
rie “i Wen? {ike 24 
1—(a/A)? ca 
which is always greater than the value V2gh. 


The influence of the velocity of approach on the velocity of 
flow at the orifice can now be ascertained by assigning values to 
the ratio a/A. Thus, if a = A, the velocity V must be infinite 
in order that the water may fill the entire section of the vessel 
and orifice. Further, 


for a= 2A V = 1.342 V2gh. 
for’ a=. 4 V = 1.154 V2gh 
for a= 3} V = 1.061 V2gh 
for a= 4 V =1.021 Vagh 
for a= 5,A V = 1.005 V2gh 


It is here seen that the common formula (22), is in error 2.1 per- 
cent when a = ¢ A, if the head be maintained constant by a uni- 
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form vertical inflow at the water surface, and 0.5 percent when 
a@=75A. Practically, if the area of the orifice be less than one- 
twentieth of the cross-section of the vessel, the error in using the 
formula V = -~/2gh is too small to be noticed, even in the most 
precise experiments, and fortunately most orifices are smaller in 
relative size than this. 


A more common case is that where the reservoir is of large 
horizontal and small vertical cross-section, and where the water 
approaches the orifice with velocity in a horizontal direction, as 
in Fig.24b. Here let A be the area of the vertical cross-section 
of the trough or pipe, a the area of the orifice, and # the head on 
its center. Then if be large compared with the depth of the 


, PAUL HEH TO 


Fig. 246. Fig. 24c. 


orifice, exactly the same reasoning applies as before, and the 
theoretic velocity at the orifice is given by the above formula (24)1. 
The same is also true for the case shown in Fig. 24c, where water 
is forced through a hose with the velocity v and issues from a 
nozzle with the velocity V, the head / being that due to the pres- 
sure at the entrance of the nozzle. 


The “effective head” on an orifice is the head that will pro- 
duce the theoretic-velocity V. If H is this effective head, then 
H = V?/2g, and from the first equation of this article 


2 
2§ 


The effective head on an orifice is, therefore, the sum of the 
pressure and velocity heads which exist behind it. Another 
expression for the effective head can be obtained from (24),, or 


h 


FS Sey 
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When H has been found from either of these formulas, the 
theoretic velocity and discharge are given by 
V=V2gH and QO=aV =aV 2gH 

for all instances where / is sufficiently large so that its value is 
sensibly constant for all parts of the orifice. But if this is not 
the case, the value of Q is to be found by the methods of Arts. 
47 and 48. | 

Prob. 24. In Fig. 24c let the head h be 60 feet, the diameter of the nozzle 


12 inches, and the diameter of the hose 3 inches. Compute the effective 
head H, and also the discharge Q in cubic feet per second. 


Art, 25. THE PATH OF A JET 


When a jet of water issues from a small orifice in the vertical’ 
side of a vessel or reservoir, its direction at first is horizontal, but 
the force of gravity immediately causes the jet to move in a curve 
which will be shown to be the common parabola. Let « be the 
abscissa and y the ordinate of any 
point of the curve, measured from the 
orifice as an origin, as seen in Fig. 25a. 
The effect of theimpulse at the orifice 
is to cause the space x to be described 
uniformly in a certain time #, or, if v be 
the velocity of flow,x = vt. The effect 
of the force of gravity is to cause the 
space y to be described in accordance 
with the laws of falling bodies (Art. 21), or y = gf. Elimi- 
nating ¢ from these two equations, and replacing v by its 
theoretic value 2gh, gives 


y = gx? /a0" = x? /4h 
which is the equation of a parabola whose axis is vertical and 
whose vertex is at the orifice. 


Fig. 25a. 


The horizontal range of the jet for any given ordinate y is 
found from the equation x?=4hy. If the height of the vessel 
be J, the horizontal range on the plane of the base is 


x=2Vh(l—h) 
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This value is o-when # =o and also when h =], and it is a maxi- 


mum when k = 3/. Hence the greatest range is from an orifice 


at the mid-height of the vessel. 


A more general case is that where the side of the vessel is 
inclined to the vertical at the angle 6, as in Fig. 250. Here the 
jet at first issues perpendicularly 
to the side with a velocity 2, 
having the theoretic value V 2gh, 
and under the action of the im- 
pulsive force a particle of water 
would describe the distance AB 
in a certain time ¢ with the uni- 
form velocity v. But in that 
same time the force of gravity causes it to descend through the 
distance BC. Now let x be the horizontal abscissa and y the ver- 


Fic. 250. 


tical ordinate of the point C measured from the origin A. Then—»——— 


\ 


\ 


AB =x seco, and BC =x tand—y. Hence Kno A 
x secd = vt x tand—y= gt J 
The elimination of ¢ from these expressions gives, after replac- 
ing v by its value 2gh, 
y =x tand — x” sec?0/4h (25) 
which is also the equation of a common parabola. 
To find the horizontal range in the level of the orifice take 
y =o in the last equation ; then 
a = 4htan6/sec’6 = 2h sin 26 
This is o when 6 = 0° or 6= 90°; it is a maximum and equal 
to 2h when @=45°. To find the highest point of the jet the 
first derivative of y with reference to x is to be equated to zero 
in order to obtain the maximum ordinate, and there results 


x = hsin 20 y = hsin’6 
which are the coordinates of the highest point with respect to 
the origin A. In these if 9 = 90°, x iso and y is 4; that is, if a 
jet be directed vertically upward, it will, theoretically, rise to the 
height of the water level in the reservoir. 


oS 
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As a numerical example let a vessel whose height is 16 feet 
stand upon a horizontal plane DE, Fig. 25d, the side of the vessel 
being inclined to the vertical at the angle 6 = 30°. Let a jet 
issue from a small orifice at A under a head of 10 feet. The jet 
rises to its maximum height, y = 4 X.10 = 2.5 feet, at the dis- 
tance « = 1-73 X 10=8.66 feet from A. At x = 17.32 feet 
the jet crosses the horizontal plane through the orifice. To locate 
the point where it strikes the plane DE, the value of y is made —6 
feet; then, from the equation of the curve, x is found to be 24.6 
feet, whence the distance DE is 21.2 feet. 


In practice the above equations are modified by the frictional 
resistance of the edges of the orifice which renders v less than the 
theoretic value /2gh, and also by the resistance of the air. 
They are, indeed, extreme limits which may be approached but 
not reached by equations that take these resistances into account. 


Prob. 25. A jet issues from a vessel under a head of 6 feet, one side 
of the vessel being inclined to the vertical at an angle of 45° and its depth 
being 16 feet. Find the maximum height to which the jet rises, the point 
where it strikes the horizontal plane of the base, and its theoretic velocity as 
it strikes that plane. 


ArT. 26. THE ENERGY OF A JET 


Let a jet or stream of water have the velocity v, and let W be 
the weight of water per second passing any given cross-section. 
The kinetic energy of this moving water is the same as that stored 
up by a body of weight W falling freely under the action of gravity 
through a height # and thereby acquiring the velocity v. Thus, 
if K represents kinetic energy per second, 


K=Wh=W .-v?/2¢ (26), 

Now if a be the area of the cross-section and w the weight of a 

cubic unit of water, W is the weight of a prism of water of 
length v and cross-section a, or W = wav, whence 

K = wav? /2g (26). 

and accordingly the energy which a jet can yield in one second 

is directly proportional to its cross-section and to the cube of its 

velocity. The term “power” is often used to express energy 
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per second, and when K is in foot-pounds per second, the horse- 
power that a jet can yield is ascertained by dividing K by 550. 
Hence the horse-powers of jets of the same cross-section vary 
as the cubes of their velocities. For example, if the velocity of a 
jet be doubled, the cross-section remaining the same, the horse- 
power is made eight times as great. The term “energy of a 
jet ” is often used in hydraulics for brevity, but it always means 
energy per second of the jet; that is, the power of the jet. 


The expressions just deduced give the theoretic energy of the 
jet, that is, the maximum work which can be obtained from it in 
one second, but this, in practice, can never be fully utilized. The 
actual work realized when a jet strikes a moving surface, like the 
vane of a water-motor, depends upon a number of circumstances 
which will be explained in a later chapter, and it is the constant 
aim of inventors so to arrange the conditions that the work real- 
ized may be as near the theoretic energy as possible. The “‘effi- 
ciency” of an apparatus for utilizing the power of moving water 
is the ratio of the work k actually utilized to the theoretic energy, 


or the efficiency e is Kopi (26)s 


The greatest possible value of e is unity, but this can never be 
attained, owing to the imperfections of the apparatus and the 
frictional resistances. Values greater than 0.90 have, however, 
been obtained ; that is, 90 percent or more of the theoretic power 
of the water has been utilized in some of the best forms of hy- 
draulic motors. 

For example, let water issue from a pipe 2 inches in diameter 
with a velocity of 10 feet per second. The cross-section in square 
feet is 3.142/144, and the kinetic energy of the jet in foot-pounds 
per second is 

K =0.01555 X 62.5 X 0.0218 X 10° = 21.2 


which is 0.0385 horse-power. If the velocity is 100 feet per sec- 
ond, the theoretic horse-power will be 38.5; if this jet operates 
a motor yielding 27.7 effective horse-powers, the efficiency of the 
apparatus is 27.7/38.5 = 0.72, or 72 percent of the theoretic 
energy is utilized. 
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The energy of a jet is the same whether its direction of motion 
be vertical, horizontal, or inclined, and per second it is always Wh, 
where h is the velocity-head corresponding to actual velocity 2, 
and W is the weight of water delivered per second. The energy 
should not be computed from the theoretical velocity V, as this 
is usually greater than the actual velocity. 

Prob. 26. When water issues from a pipe with a velocity of 3 feet per 


. second, its kinetic energy is sufficient to generate 1.3 horse-powers. What is 
the horse-power when the velocity becomes 6 feet per second ? 


ArT. 27. IMPULSE AND REACTION OF A JET 


When a stream or jet is in motion, delivering W pounds of 
water per second with the uniform velocity v, that motion may — 
be regarded as produced by a constant force , which has acted 
upon W for one second and then ceased. In this second the 
velocity of W has increased from o to v, and the space 27 has been 
described. Consequently the work F x $v has been imparted to 
the water by the force F. But the kinetic energy of the moving 
water is W - v?/2g, and hence by the law of conservation of energy 
FXx4v=W X v?/2g, from which the constant force is 


f= Weov/s (27) 


This value of F is called the “impulse” of the jet. As W is in 
pounds per second, v in feet per second, and g in feet per second 
per second, the value of F is in pounds. 


In theoretical mechanics, the term ‘‘impulse” is used in a 


slightly different sense, namely, as force multiplied by time. 
In hydraulics, however, W is not pounds, but pounds per second, 
and thus the impulse is simply pounds. The force F is to be re- 
garded as a continuous impulsive pressure acting at the origin 
of the jet in the direction of the motion. For, by the definition, 
F acts for one second upon the W pounds of water which pass a 
given section; but in the next second W pounds also pass, and 
the same is the case for each second following. This impulse 
will be exerted as a pressure upon any surface which is placed in 
the path of the jet. 
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The reaction of a jet upon a vessel occurs when water flows 
from an orifice. This reaction must be equal in value and oppo- 
site in direction to the impulse, as in all cases of stress action 
and reaction are equal. In the direction of the jet the impulse 
produces motion, in the opposite direction it produces an equal 
pressure which tends to move the vessel backward. The force ° 
of reaction of a jet is hence equal to the impulse but opposite in 
direction. For example (Fig. 27), let a vessel 
containing water be suspended at A so that 
it can swing freely, and let an orifice be 
opened in its side at B. The head of water at 
B causes a pressure which acts toward the left 
and causes W pounds of water to move during 
every second with the velocity of v feet per 
second, and which also acts toward the right and causes the 
- vessel to swing out of the vertical; the first of these forces is 
the impulse, and the second is the reaction of the jet. Ifa force 
R be applied on the right of a vessel so as to prevent the swing- 


ing, its value is R=F=W-0/g | (27). 


and this is the formula for the reaction of the jet. 


Fig. 27. 


The impulse or reaction of a jet issuing from an orifice is 
double the hydrostatic pressure on the area of the orifice. Let 
h be the head of water, a the area of the orifice, and w the weight 
of a cubic unit of water; then, by Art. 15, the normal pressure 
when the orifice is closed is wa. When the orifice is opened, the 
weight of water issuing per second is W = wav, and hence the 
impulse or reaction of the jet is 

R=F =wav-v/g = 2wa: v/2g = 2wah 


which is double the hydrostatic pressure. This theoretic con- 
clusion has been verified by many experiments (Art. 153). 


When a jet impinges normally on a plane, it produces a dynamic 
pressure on that plane equal to the impulse F, since the force re- 
quired to stop W pounds of water in one second is the same as 
that required to put it in motion. Again, if a stream moving 
with the velocity 1 is retarded so that its velocity becomes %, 
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the impulse in the first instant is W-,/g, and in the second 
W :v,/g. The difference of these, or 


F, — Fy = W (0, — 2) /g (27)3 


is a measure of the dynamic pressure which has been developed. 
-It is by virtue of the pressure due to change of velocity that tur- _ 
bine wheels and other hydraulic motors transform the kinetic | 
energy of moving water into useful work. J) 

Prob. 27. If a stream of water 3 inches in diameter issues from an orifice 


in a direction inclined downward 26° to the horizon with a velocity of 15 
feet per second, find its horizontal reaction on the vessel. 


Art. 28. ABSOLUTE AND RELATIVE VELOCITIES 


Absolute velocity is defined in this book as that with respect 
to the surface of the earth, and relative velocity as that with 
respect to a body moving on the earth. Thus absolute velocity 
is that seen by a spectator who is on the earth, and relative veloc- 
ity is that seen by one who is on the moying body. For instance, 
if a body is dropped by a person who is on a moving railroad car, 
it appears to a person standing outside to move obliquely, but to 
one on the car it appears to move vertically. On a car in uni- 
form motion all the laws of mechanics prevail exactly as if it were 
at rest ; hence if a body of weight W is dropped through a height 
h, it acquires a theoretic vertical velocity of /2gh with respect to 
the car. Butif the horizontal velocity of the car is u, the kinetic 
energy of the body at the moment of letting it fall is W - u?/2g 
and its potential energy is Wh, so that, neglecting frictional re- 
sistances, its total energy after falling through the height / is the 
sum of these, and accordingly its absolute velocity with respect 


to the earth is V2gh+ u?. 


When a vessel containing water with a free surface, as in Fig. 
28a, has an orifice under the head / and is in motion in a straight 
line with the uniform absolute velocity u, the theoretic velocity 
of flow relative to the vessel is V = /2gh, or the same as its 
absolute velocity if the vessel were at rest, for no accelerating 
forces exist to change the direction or the value of g. The abso- 
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lute velocity of flow, however, may be greater or less than Vi, 
depending upon the value of u and its direction. To illustrate, 
take the case of a vessel in 
uniform horizontal motion from 
which water is flowing through 
three orifices. At A the direc- 
tion of V is horizontal, and as 
the vessel is moving in the op- 
posite direction with the velocity 
u, the absolute velocity of the water as it leaves the orifice is 
v=V-—u. It is also plain, if the orifice is in front of the vessel 
and the direction of V is horizontal, that the absolute velocity of 
the water as it leaves the orificeisv = V + wu. 


Fig. 282. 


Again, at B is an orifice from which the water issues vertically 
with respect to the vessel with the relative velocity V, while at 
the same time the orifice moves horizontally with the absolute 
velocity u. Forming the parallelogram, the absolute velocity » 
is seen to be the resultant of the velocities V and wu, or 

Ve 

Lastly, at C is shown an orifice in the front of the vessel so ar- 
ranged that the direction of the relative velocity V makes an 
angle ¢ with the horizontal. From C draw Cz to represent 
the velocity u, and CV to represent V, and complete the paral- 
lelogram as shown; then Cv, the resultant of w and V, is the 
absolute velocity with which the water leaves the orifice. From 
the triangle Cuv ~ 


y= VV2+u2+2uV cosh (28) 


In this, if 6 = 0, the absolute velocity » becomes V + u, as before 
shown for an orifice in the front; if ¢ = 90°, it becomes the same 
as when the water issues vertically from the orifice in the base ; 
and if ¢ = 180°, the value of v is V — w as before found for an 
orifice in the rear end. 

Another case is that of a revolving vessel having an opening 
from which the water issues horizontally with the relative velocity 
V, while the orifice is moving horizontally with the absolute 
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velocity wu. Fig. 28) shows this case, 8 being the angle which V 
makes with the reverse direction of u, and here also 


v= VV2+u2 — 2uV cosB 


is the absolute velocity of the water as it leaves the vessel. In 
all cases the absolute velocity of a body leaving a moving surface 
is the diagonal of a parallelogram, one side 
of which is the velocity of the body relative 
to the surface and the other side is the 
absolute velocity of that surface. 


When a vessel moves with a motion 
which is accelerated or retarded, this 
affects the value of g, and the reasoning 
of the preceding articles does not give the 
correct value of V. For instance, when a vessel moves verti- 
cally upward with an acceleration f, the relative velocity of 
flow from an orifice in it is V= V2(g+/)h, and if w be the 
velocity of the vessel at any instant, the absolute downward 
velocity of flow is V—wz. Again, when it moves downward 
with the acceleration f, the relative velocity of flow is 
Vie 2 (g—f)h and the absolute is V+. If the downward 
acceleration is g, the vessel is freely falling and V will be zero, 
since both vessel and water are alike accelerated and there is 
then no pressure on the base. 


Fig. 280. 


Prob. 28. In Fig. 28a let the orifice at A be under a head of 5.5 feet 
and its height above the earth be 7.5 feet, while the car moves with a 
velocity of 60. miles per hour. Compute the relative velocity V, the 
absolute velocity v, and the absolute velocity of the jet as it strikes 
the earth. 


ArT. 29. FLOW FROM A REVOLVING VESSEL 


Water in a vessel at rest on the surface of the earth is acted 
upon only by the vertical force of gravity, and hence its surface 
is a horizontal plane. Water in a revolving vessel is acted upon 
by centrifugal force as well as by gravity, and it is observed that 
its surface assumes a curved shape. The simplest case is that of 
a cylindrical vessel rotating with uniform velocity about its 
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vertical axis, and it will be shown that here the water surface 
is that of a paraboloid. 


Let BC be the vertical axis of the vessel, # the depth of water 
in it when at rest, and 4, and hy the least and greatest depths of 
water in it when in motion. Let G be any point on the surface 
of the water at the horizontal distance x 
from the axis, and let y be the vertical 
distance of G above the lowest point C. 
The head of water on any point E in the 
base is EG or 1 + y. Now this head y 
is caused by the velocity u with which 
the point G revolves around the axis, or, in other words, the 
pesition of G above C is due to the energy of rotation. Thus if 
W is the weight of a particle of water at G, the potential energy 
Wy equals the kinetic energy Wu?/2g, and hence y = u?/2¢. 

Let be the number of revolutions made by the vessel and 
water in one second. Then w= 27x: n, and hence 


Fig. 29a. 


y =u? /2g = 2 7n?x?/ 2 
which is the equation of a common parabola with respect to rec- 
tangular axes having an origin at its vertex C. The surface of 
revolution is hence a paraboloid. 

Since the volume of a paraboloid is one-half that of its circum- 
scribing cylinder, and since the same quantity of water is in the 
vessel when in motion as when at rest, it is plain that in the 
figure 3(h, — f,) equals h — h,. Consequently h — h, equals 
hy — h, or the elevation of the water surface at D above its original 
level is equal to its depression at C. If be the radius of the ves- 
sel, the height / — , is, from the above equation, 2 a y?r?/g, and 
hence the distances h — h, and hy — h are each equal to 1°n?r?/g. 
The head at the middle of the base of the vessel during the motion 
is now hy = h — 7°n?r’/g and the head at any point Fish, + y = 
h + (2x — r?)m?n?/g. 

The theoretic velocity of flow from the small orifice in the 
base is that due to the head /, + y, or 


V = V2g(at+y) = V agh + 27?n?( 24% — 7”) 
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which is less than /2gh when 2? is less than 37?, and greater 
when x2 is greater than 37°. For example, let y = 1 foot and 

= 3 feet, then V = 13.9 feet per second when the vessel is at 
rest. But if it is rotating three times per second around its axis 
with uniform speed, the velocity from an orifice in the center of 
the base, where « = 0, is 3.9 feet per second, while the velocity 
from an orifice at the circumference of the base, where « = 1 foot, 
is 19.2 feet per second. At this speed the water is depressed 2.76 
feet below its original level at the center and elevated the same 
amount above that level around the sides of the vessel. 


In the case of a closed vessel where the paraboloid cannot form, 
the velocity of flow from all orifices, except one at the axis, is 
increased by the rotation. Thus in Fig. 290, if 
the vessel is at rest and the head on the base is , 
the velocity of flow from all small orifices in the 
base is /2gh. But if the vessel is revolved about 

POETS the vertical axis BC, so that an orifice at EZ has the 
velocity « around that axis, then the pressure-head at E is 
h + w’/2g, and accordingly 

V = Vaght+u? (29) 


is the theoretic velocity of flow from an orifice at E. This formula 
is an important one in the discussion of hydraulic motors. Here, 
as before, the value of w may be expressed as 272m, when x is 
the distance of Z from the axis and is the number of revolutions 
per second. As an example, let a closed vessel full of water be 
revolved about an axis 120 times per minute, and let it be re- 
quired to find the theoretic velocity of flow from an orifice 1% 
feet from the axis, the head on which is 4 feet when the vessel is at 
rest. The velocity u is found to be 18.85 feet per second, and 
then the theoretic velocity of flow from the orifice is 24.8 feet per 


second, whereas it is only 16 feet per second when the vessel 
is at rest. 


The velocity V in both these cases is a relative velocity, for the 
pressure at the moving orifice produces a velocity with respect to 
the vessel. The absolute velocity, or that with respect to the 
earth, is greater than the relative velocity when the stream issues 
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from an orifice in the base, for the orifice moves horizontally with 
the absolute velocity « and the stream moves downward with the 
relative velocity V, and hence the absolute velocity of the stream 
is VV?+ 42. When the stream issues from an orifice in the side 
of the vessel upon which the head is 4, formula (29) gives its rela- 
tive velocity, and then the absolute velocity is found by (28). 


Prob. 29. A cylindrical vessel 2 feet in diameter and 3 feet deep is three- 
fourths full of water, and is revolved about its vertical axis so that the water 
is just on the point of overflowing around the upper edge. Find the number 
of revolutions per minute. Find the relative velocity of flow from an orifice 
in the base at a distance of 0.75 foot from the axis. Show that the velocity 
from all orifices within 0.707 foot of the axis is less than if the vessel were 
at rest. 


Art. 30. THEORETIC DISCHARGE 


The term ‘‘discharge’’ means the volume of water flowing 
in one second from a pipe or orifice, and the letter Q will designate 
the theoretic discharge; that is, the discharge as computed with- 
out considering the losses due to frictional resistances. When 
all the filaments of water issue from the pipe or orifice with the 
same velocity, the quantity of water issuing in one second is 
equal to the volume of a prism having a base equal to the cross- 
section of the stream and a length equal to the velocity. If 
this area is a and the theoretic velocity is V, then Q = aV is 
the theoretic discharge. Taking a in square feet and V in feet 
per second, the discharge Q is in cubic feet per second. 


For a small orifice on which the head # has the same value 
for all parts of the opening, the theoretic discharge is 


0 =aV =avV 2h (30) 


and in English measures Q = 8.020 Vh. For example, let a 
circular orifice 3 inches in diameter be under a head of 10.5 feet, 
and let it be required to compute Q. Here 3 inches = 0.25 foot 
and from Table F the area of the circle is 0.04909 square foot. 
From Art. 22 the theoretic velocity V is 8.02 X V1I0.5 = 25.99 
feet per second. Accordingly the theoretic discharge is 0.04909 
X 25.99 = 1.28 cubic feet per second. 
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The above formula for Q applies strictly only to horizontal 
orifices upon which the head / is constant, but it will be seen 
later that its error for vertical orifices is less than one-half of one 
percent when h is greater than double the depth of the orifice. 
Horizontal orifices are but little used, as it is more convenient 
in practice to arrange an opening in the side of a vessel than in 
its base. In applying the above formula to a vertical orifice, h is 
taken as the vertical distance from its center to the free-water 
surface. Vertical orifices where the head / is small are discussed 
in Arts. 47 and 48. 


Since the theoretic velocity is always greater than the actual 
velocity, the theoretic discharge is a limit which can never be! 
reached under actual conditions. Theoretically the discharge 
is independent of the shape of the orifice, so that a square orifice 
of area a gives the same theoretic discharge as a circular orifice 
of area a; it will be seen in Chap. 5 that this is not quite true for 
the actual discharge. 


In this chapter it is supposed that the velocity of a jet is the 
same in all parts of the cross-section, as this would be the case if 
h has the same value throughout the section were it not for the 
retarding influence of friction. Actually, however, the filaments 
of water near the edges of the orifice move slower than those 
near the center. If q be the actual discharge from any orifice and 
v the mean velocity in the area a, then g = av, or the equation 
v = q/a may be regarded as a definition of the term ‘‘mean 
velocity.” The theoretic mean velocity is V2gh, but the actual 
mean velocity is slightly smaller, as will be seen in Chap. 5. 


Formula (380) may be used for computing # when Q and a 
are given, and it shows that the theoretic head required to de- 
liver a given discharge varies inversely as the square of the area 
of the orifice. 

Prob. 30a. Compute the theoretic head required to deliver 300 
gallons of water per minute through an orifice 3 inches in diameter. 


Prob. 30b. A vessel one foot square has a small orifice in the base. 
What is the theoretic velocity of flow from this orifice when the vessel con- 
tains 125 pounds of mercury? Also when it contains 250 pounds of water? 


Steady Flow in Smooth Pipes. Art. 31 67 


Art. 31. Steapy FLrow 1n Smoortu Prees 


_ When water flows through a pipe of varying cross-section 
and all sections are filled with water, the same quantity of water 
passes each sectionin onesecond. This is called the case of steady 
flow. Let q be this quantity of water and let 2, 2, v3 be the mean 
velocities in three sections whose areas are a, dy, a3. Then 

J = QV, = Ayr = A303 (31); 
This is called the condition for steady flow or the equation of 
continuity, and it shows that the velocities at different sections 
vary inversely as the areas of those sections. If v be the velocity 
at the end of the pipe where the area is a, then also g = av. 
When the discharge g and the areas of the, cross-sections have 
been measured, the mean velocities may be. computed. 


When a pipe is filled with water at rest, the pressure at any 
point depends only upon the head of water above that point. 
But when the water is in motion, it is a fact of observation that 
the pressure becomes less than that due to the head. The unit- 
pressure in any case may be measured by the height of a column 
of water. Thus if water be 
at rest in the case shown in 
Fig. 31a, and small tubes be 
inserted at the sections whose 
areas are d@, and d, the water 
will rise in each tube to the 
same level as thatof the water 
surface in the reservoir, and 
the pressures in the sections 
will be those due to the hydrostatic heads H, and Hy. But if 
the valve at the right be opened, the water levels in the small 
tubes will sink and the mean pressures in the two sections will be 
those due to the pressure-heads /, and hp. 

Let W be the weight of water flowing in each second through 
each section of the pipe, and let v1 and v2 be the mean velocity 
in the section a; and az. When this water was at rest, the poten- 
tial energy of pressure in the section a1 was WH; when it is in 


Fig. 31a. 
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motion, the energy in the section is the pressure energy W/y plus 
the kinetic energy W - v,2/2g. If no losses of energy due to fric- 
tion or impact have occurred, the energy in the two cases must be 
equal. The same reasoning applies to the section a2, and hence 


2 2 
Hy=ht and Mm=kht+ (31), 
28 28 


These equations exhibit the law of steady flow first deduced by 
Daniel Bernouilli in 1738, and hence often called Bernouilli’s 
theorem; it may be stated in words as follows: 


At any section of a tube or pipe, under steady flow without 
friction, the pressure-head plus the velocity-head is equal to 
the hydrostatic head that obtains when there is no flow. 


This theorem of theoretical hydraulics is of great importance in 
practice, although it has been deduced for mean velocities and 
mean pressure-heads, while actually the velocity and the pressure 
are not the same for all points of the cross-section. 


The pressure-head at any section hence decreases. when the 
velocity of the water increases. To illustrate, let the depths 
of the centers of a, and a, be 6 and 8 feet below the water level, 
and let their areas be 1.2 and 2.4 square feet. Let the discharge 
of the pipe be 14.4 cubic feet per second. Then from (81): the 
mean velocity in a; is 1: = 14.4/1.2 = 12 feet per second, which 
corresponds to a velocity head of 0.015550? = 2.24 feet, and 
consequently from (81). the pressure-head in a, is 6.0 — 2.24 = 
3-76 feet. For the section a, the velocity is 6 feet per second and 
the velocity head is 0.56 feet, so that the pressure-head there is 
8.0 — 0.56 = 7.44 feet. 


The theorem of (31). may be also applied to the jet issuing 
from the end of the pipe. Outside the pipe there can be no pres- 
sure, and if h be the hydrostatic head and V the velocity, the 
equation gives h = V?/2g, or V = V2gh; that is, if frictional 
resistances be not considered, the theoretic velocity of flow from 
the end of a pipe is that due to the hydrostatic head upon it. In 
Chap. 8 it will be seen that the actual velocity is much smaller 
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than this, for a large part of the head h is expended in over- 
coming friction in the pipe. 

A negative pressure may occur if the velocity-head becomes 
greater than the hydrostatic head, for (81). shows that hy, is 
negative when 2,°/2g exceeds H,. A case of this kind is given 
in Fig. 310, where the section at A is so small that the velocity 
is greater than that due to the head Hy, 
so that if a tube be inserted at A, no water 
runs out; but if the tube be carried down- 
ward into a vessel of water, there will be 
lifted a column CD whose height is that 
of the negative pressure-head /,. For ex- 
ample, let the cross-section of A be 0.4 
square feet, and its head Hy be 4.1 feet, while 8 cubic feet 
per second are discharged from the orifice below. Then the 
velocity at A is 20 feet per second, and the corresponding ve- 
locity-head is 6.22 feet. The pressure head at A then is, from 
the theorem of formula (31)s, 


1=4.1 — 6.22 = — 2.12 feet 


and accordingly there exists at A an inward pressure 


pi = — 2.12 X 0.434 = — 0.92 pounds per square inch 


This negative pressure will sustain a column of water CD whose 
height is 2.12 feet. When the small vessel is placed so that its 
water level is less than 2.12 feet below A, water will be constantly 
drawn from the smaller to the larger vessel. This is the principle 
of the action of the injector-pump. 


Prob. 31. Ina horizontal tube there are two sections of diameters 1.0 
and 1.5 feet. The velocity in the first section is 6.32 feet per second, and 
the pressure-head is 21.57 feet. Find the pressure-head for the second sec- 
tion if no energy is lost between the sections. 


Art. 32. Emptryinc A VESSEL 


Let the depth of water in a vessel be H; it is required to de- 
termine the theoretic time of emptying it through an orifice in 
the base whose area isa. Let Y be the area of the water surface 


~ ) e —_ 
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when the depth of water is y; let 8¢ be the time during which 
the water level falls the distance 6y. During this time the quan- 
tity of water Y - dy passes through the orifice.’ But the dis- 
charge in one second under the constant head y is av 2gy, and 
hence the discharge in the time 6¢ is a8¢-/2gy. Equating these 
two expressions, there is found the general formula 
which gives the time for the water surface to drop 


the distance dy, 
Bat Ne SARTRE 


(32), 


av 2gy 
The time of emptying any vessel is now -deter- 
mined by inserting for Y its value in terms of y, and then in- 
tegrating between the limits H and o. 


Fig. 32a. 


For a cylinder or prism the cross-section Y has the constant 
value A, and the formula becomes 


pera y Oy 


as the theoretic time for the head H to falltok. If hk = o, this 
formula gives the time of emptying the vessel. If the head were 
maintained constant, the uniform discharge per second would 
be a V2gH, and the time of discharging a quantity equal to the 
capacity of the vessel is AH divided by a/2gH, which is one- 
half of the time required to empty it. 


To find the time of emptying a hemispherical bowl of radius 
r through a small orifice at its lowest point, let x be the radius 
of the cross-section Y; then x? + (7 — y)? = 7? is the equation 
of the circle, from which the area Y is r(2ry — y*). Then 
st =— (ory? —y')8 
aV2g ee 


and by integration between the limits 7 and o 
t= 14mr?/1s aV 2g 


which is the theoretic time required to empty the bowl. 
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The most important application of these principles is ‘n the 
case of the right prism or cylinder, and here the formula for the 
time is modified in practice by introducing a coefficient, as may 
be seen in Art.58. The theoretic time found by the above for- 
mula is always too small, since frictional resistances have not been 
considered. Moreover, the formula does not strictly apply when 
_the head is very small, owing to a whirling motion that occurs and 
which tends to increase the theoretic time. 


Venturi, in 1798, first described the phenomena of this whirl.* 
When the head becomes less than about three diameters of the orifice, 
the water is observed in whirling motion, the velocity being greatest 
near the vertical axis through the center of the orifice, and as the head 
decreases a funnel is formed through the middle of the issuing stream. 
The direction of this whirl, as seen from above, may be either clock- 
wise or contraclockwise, depending on initial motions in the water 
or on irregularities in the vessel or orifice, but under ideal conditions 
it should be clockwise in the southern hemisphere of the earth and con- 
traclockwise in the northern hemisphere, this being the effect of 
the earth’s rotation. Fig. 32) repre- 
sents a vertical section of this funnel, 
on which A is any point having the 
codrdinates x and y with respect to 
the rectangular axes OX and OY. The 


= 


= 


ee 
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axis OY is drawn through the center of [E===\\'/2 
the orifice, and OX is tangent to the a 
level water surface at a distance H Fig. 325. 


above the bottom of the vessel. Let r 

be the radius of the funnel in the plane of the orifice. It is required 
to find the relation between-x, y, H, and r, or the equation of the 
curve shown in the figure. 


An approximate solution may be made by supposing that the par- 
ticle of water at A is moving nearly horizontally around the axis 
OY with the velocity 1; this velocity must be due to the head y, 
whence v?=2¢y. This particle is acted upon by the downward force 
AB, due to gravity, and by the horizontal force AC, due to centrif- 
ugal action, and they are proportional to g and v°/x, these being the 


* Tredgold’s Tracts on Hydraulics (London, 1799 and 1826: gives a 
translation of the memoir of Venturi. 
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accelerations due to gravity and centrifugal force. The ratio AC/AB 
is the tangent of the angle @ which the water surface at A makes with 
the axis OX, for this surface must be normal to the resultant AD of the 
two forces AB and AC. When the ordinate y is increased to y+ dy, 
the abscissa x is decreased to «—8x, and hence the value of tan? 
must be the same as —dy/dx. Accordingly 


AG BRI ere OY 


eee AB ex tanex bx 


and the integration of this differential equation gives y = C/x?, in 
which C is the constant of integration. When y equals H, the value 
of « is r, and hence C = Hr’, and thus 


Wd 1 fe (32) 


is the equation of the curve, which may be called a quadratic hyper- 
bola, the surface of the funnel being then a quadratic hyperboloid. 
This equation represents the curve at one instant only, for H contin- 
ually decreases as the water flows out, since the direction of v is not 
quite horizontal as the investigation assumes. The general phenom- 
ena are, however, well explained by this discussion. 


Prob. 82. A prismatic vessel has a cross-section of 18 square feet and 
an orifice in its base has an area of o.18 square foot. Find the theoretic 
time for the water level to drop 7 feet, when the head upon the orifice at the 
beginning is 16 feet. 


ArT. 33. COMPUTATIONS IN METRIC MEASURES 


(Art. 22) Using for the acceleration of the mean value 9.80 
meters per second per second, formulas (22), become 


V =4.427-Vh ~ h=0.05102 V? (33) 


in which / is in meters and V in meters per second. Table 33 shows 
values of the velocity for given heads, and values of the velocity-head 
for given velocities. 


(Art. 23) For Fig. 23 let the reservoir be one meter in diameter, 
the load W be 2000 kilograms, and the orifices be 3 meters below the 
piston. Let the exterior head on A be 1.5 meters, the orifice B be 
open to the atmosphere, and the orifice C be in air whose pressure is 
9.7 kilograms per square centimeter, The area of the piston is 0.7854 


, Computations in Metric Measures. Art. 33 73 


TABLE 33. VELOCITIES AND VELOCITY-HEADS 


Metric Measures 


V =V2gh = 4.427 Vi h =V2/2g = 0.05102 V2 


Velocity Velocity 
Velocity in : . ; 
in Meters || Meters Head in Head in 
per Second per Meters Meters 


Second Second 


Velocity 
in Meters 
per Second 


Head in 
Meters 


Head in 
Meters 


1.432 
1.980 
2.425 
2.799 
Beran 
3-429 
3-704 
3.900 
4.200 
4.427 


4.427 oO. 
6.262 0.2 
7.668 0.3 
8.854 0.4 
9.900 0.5 
10.84 0.6 
be 7ie 0.7 
12.52 0.8 
13.28 0.9 
14.00 1.0 
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square meters, and the head corresponding to the pressure on the upper 
water surface is 
ho = 


Po 2000 
w 0.7854 X 1000 


= 2.546 meters. 


The head /,-is 3 meters for the first orifice, o for the second, and — 10 
(1.033—0.7) = — 3.33 meters for the third. The three theoretic 
velocities of outflow then are 


V = 4.427 V3 + 2.546 —1.5 = 8.o1 meters per second, 
V = 4.427 /3+2.546—0 = 10.43 meters per second, 
V = 4.427 V3 + .546 + 3.33 = 13.19 meters per second. 
If in this example the liquid be alcohol which weighs 800 kilograms per 


cubic meter, the head of alcohol corresponding to the pressure of the 
piston is 


pe 2000 


= —_——— In Ogeimevens 
0.7854 X 800 ae ‘ 


and accordingly for discharge into the atmosphere at the depth 
hy, = 3 meters the velocity is 


V = 4.427 V3 + 3.18 = 11.01 meters per second, 


while for water the velocity was 10.43 meters per second. 
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(Art. 26) As an illustration of (26). let water issue from a pipe 
6 centimeters in diameter with a velocity of 4 meters per second. The 
cross-section is found from Table F to be 0.002827 square meters, 
and then the theoretic work in kilogram-meters per second is 


K = 0.05102 X 1000 X 0.002827 X 4° = 9.23 


which is 0.123 metric horse-power. If the velocity is 16 meters 
per second, the stream will furnish 7.87 horse-powers. 


(Art. 30) The area a is in square meters, the velocity V in meters 
per second, and the discharge Q in cubic meters per second. Thus 
if a pipe 20 centimeters in diameter discharges 0.15 cubic meters per 
second, the area of the cross-section is 0.03142 square meters and the 
mean velocity is 0.15/0.03142=4.77 meters per second. 


(Art. 31) In Fig. 31a, suppose the sections a, and a, to be 0.06 — 
and o.12 square meters, and the depths of their centers below the 
water level of the reservoir to be 4.5 and 5.5 meters. Let 0.24 cubic 
meters per second be discharged from the pipe, then from (31), 
the mean velocities in a, and a, are 4.0 and 2.0 meters per second. 
The velocity-heads are then 0.82 meters for a, and 0.20 meters for dp, 
so that during the flow the pressure-head at A is 4.5 — 0.82 = 3.68 
meters and that at B is 5.5 — 0.20 = 5.30 meters. 


Prob. 33a. What theoretic velocities are produced by heads of 0.1, 
0.01, and o.cor meter? What is the velocity-head of a jet, 7.5 centimeters 
in diameter, which discharges 500 liters per second ? 


Prob. 33d. A prismatic vessel has a cross-section of 1.5 square meters 
and an orifice in its base has an area of 150 square centimeters. Compute 
the theoretic time for the water level to drop 3 meters when the head at the 
beginning is 4 meters. 

Prob. 33c. A small turbine wheel using 3 cubic meters of water per 
minute under a head of 103 meters is found to deliver 5.1 metric horse- 
powers. Compute the efficiency of the wheel. 


Prob. 33d. In an inclined tube there are two sections of diameters 10 
and 20 centimeters, the second section being 1.536 meters higher than the 
first. The velocity in the first section is 6 meters per second and the pres- 
sure-head is 7.045 meters. Find the pressure-head for the second section, 
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CHAPTER 4 
INSTRUMENTS AND OBSERVATIONS 
Art. 34. GENERAL CONSIDERATIONS 


Some of the most important practical problems of Hydraulics 
are those involving the measurement of the amount of water dis- 
charged in one second from an orifice, pipe, or conduit under given 
conditions. The theoretic formulas of the last chapter furnish 
the basis of most of these methods, and in the chapters following 
this one are given coefficients derived from experience which 
enable those formulas to be applied to practical conditions. 
These coefficients have been determined by measuring heads, 
pressures, or velocities with certain instruments, and also the 
amount of water actually discharged, and then comparing the 
theoretic results with the actual ones. It is the main object of 
_this chapter to describe the instruments used for this purpose, and 
a few remarks concerning advantageous methods for the discus- 
sion of the observations will also be made. 

The engineer’s steel tape, level, and transit are indispensable 
tools in many practical hydraulic problems. For example, two 
reservoirs M and JN, connected by a pipe line, may be several 
miles apart. To ascertain the difference in elevation of their 
water surfaces lines of levels may M 
be run and bench marks established 
near each reservoir, as also at other 
points along the pipe line. From 
the bench marks at the reservoirs 
there can be set up simple board 
gages, so that simultaneous read- 
ings can be taken at any time to find the difference in eleva- 
tion. From the bench marks along the pipe line a profile of the 
same can be plotted for use in the discussion. With the transit 
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and tape the alignment of the pipe line and the lengths of its 
curves and tangents can also be taken and mapped. All of 
these records, in fact, are necessary in order to determine the 
amount of water delivered through the pipe. 


For work on a smaller scale, like that of the discharge from 
an orifice in a tank, the steel tape may be used to mark points 
from which a glass gage tube may be set and 
upon which the height of the water surface 
above the orifice can be read at any time during 
the experiment. Another method is to have a 
float on the water surface, the vertical motion 
of which is communicated to a cord passing over 
a pulley, so that readings can be taken on a scale 
as the weight at the lower end of the cord 
moves up or down. When the head is very small, however, 
these methods are not sufficiently precise, and the hook gage 
described in Art. 35 must be used. 


It is often desirable for many purposes to keep a continuous 
record of the level of a water surface. This can be accom- 


a 
Fig. 34c. 


plished by the use of an automatic re- 
cording gage such as that shown in = 
Fig. 34c._ This apparatus, as made by ents 


ee aS SS 
Freiz, consists essentially of a float con- ar 
nected to a flat perforated copper band WL Bs 


ul a 
which passes over a sprocket wheel and a 
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which carries at its other end a counterweight. The sprocket 
wheel is directly connected to a drum the circumference of which 
is exactly one foot and on which a sheet of ruled paper can be 
clamped. A clockwork moves a pen at a constant and uniform 
rate in a direction parallel to the axis of the cylinder, and if the 
latter remains stationary, the pen will draw a straight line on 
the paper. If, however, the cylinder is caused to revolve by the 
rising or falling of the float, the pen will draw a curve, and each 
revolution of the cylinder will represent a change of one foot in 
the water level. Each sheet or chart, depending on the gear 
of the clock, will give a record either 24 hours or 7 days long 
before a new chart must be put on by an attendant. By the 
interposition of suitable gears between the sprocket wheel and 
the cylinder the ratio of the number of revolutions between 
the sprocket and the drum can be fixed-at any desired number. 
With all forms of apparatus of this kind it is desirable that the 
float should be of large horizontal diameter in order that its lift- 
ing power may be sufficient to overcome the friction in the bear- 
ings of the machine and so cause it to easily and quickly 
respond to small fluctuations in the water surface. 

The Bristol recording water level gage operates on the principle 
of the aneroid barometer. A bronze cylindrical box encloses air, the 
pressure of which is communicated through a flexible tube to the re- 
cording apparatus whenever that pressure exceeds the exterior atmos- 
pheric pressure. When this box is placed under water, the head of 
water acts on a diaphragm and increases the air pressure an amount 
proportional to the head on the diaphragm. In the recording ap- 
paratus is a pen which draws a curve on a sheet of paper moved by 
clockwork and thus gives a continuous record of the water level. 
This apparatus has been used for recording the heights of tides and 
of water levels in reservoirs. Of course the adjustment of the 
instrument must be made by experiment, its record being compared 
by one made by direct methods. The closest reliable reading of 
a gage of this kind appears to be about one-eighth of an inch. 


A small quantity of water flowing from an orifice may be 
measured by allowing it to run into a barrel set upon a platform 
weighing scale. The weight of water discharged in a given time 
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is thus ascertained, the time being noted by a stop-watch, and 
the volume is then computed by the help of Table 3. If the flow 
is uniform, the discharge in one second is then found by dividing 
the volume by the number of seconds. A larger quantity of 
water may be measured in a rectangular tank, the cross-section 
of which is accurately known; here the water surface is noted at 
the beginning and end of the experiment, and the volume is then 
computed by multiplying the area by the differences of the two 
elevations. For example, a square tank was 4 feet 2 inches in- 
side dimensions, and the gage read 3.17 feet at the beginning and 
4.62 feet at the end of the experiment, which lasted 304 sec- 
onds; then the flow, if uniform, was 0.0828 cubic feet per second. 


Larger quantities of water still are sometimes measured in 
the reservoir of a city supply. The engineer, by the use of his 
level, transit, and tape, makes a precise contour map of the 
reservoir, determines with the planimeter the area enclosed by 
each contour curve, and com- 
putes the volume included 
between successive contour 
planes. For instance, if the 
area of the contour curve AB 
is 84 320 square feet and that 
of CD is 79 624 square feet and 
the vertical distance between 
the contour planes is 5 feet, 
the volume included is 409 860 
cubic feet by the method of 
mean areas. A more precise determination, however, may be 
made by measuring the area of a contour curve halfway between 
AB and AC;; if this is found to be 82 150 square feet, the volume 
included between AB and AC is computed by the prismoidal 
formula and found to be 410 450 cubic feet. 

These direct methods of water measurement form the basis of 
all hydraulic practice. In this manner water meters are rated, and 
the coefficients determined by which practical formulas for flow through 
orifices, weirs, and pipes are established. These coefficients being 
known, indirect methods may be used for water measurement; namely, 


Fig. 34d. 
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the discharge can be computed from the formulas after area and heads 
have been ascertained. There are also methods of indirect measure- 
ment from observed velocities which will be described later, and which 
are especially valuable in finding the discharge of conduits and streams. 

Prob. 34. Water flows from an orifice uniformly for 69.3 seconds and falls 
into a barrel on a platform weighing scale. The weight of the empty barrel 
is 27 pounds and that of the barrel and water is 276 pounds. What is the 


discharge of the orifice in gallons per minute, when the temperature of he 
water is 62° Fahrenheit ? 


Art. 35. THe Hook GAGE 


The hook gage, invented by Boyden about 1840, consists of 
a graduated metallic rod sliding vertically in fixed supports, pie 
which is a vernier by which readings can be taken to 
thousandths of a foot. At the lower end of the rod is 
a sharp-pointed hook, which is raised or lowered until 
its point is at the water level. Fig. 35a represents 
the form of hook gage made by Gurley, the gradua- 
tion on the rod being to feet and hundredths. The 
graduation has a length of 2.2 feet, so that variations in 
the water level of less than this amount can be meas- 
ured, by using the vernier, to thousandths of a foot. To 
take a reading on a water surface, the point of the hook 
is lowered below the surface and then slowly raised by 
the screw at the top of the instrument. Just before 
the point of the hook pierces the skin of the water 
(Art. 2) a pimple or protuberance is seen to rise above 
it; the hook is then depressed until the pimple is 
barely visible and the vernier is read. The most pre- 
cise hook gages read to ten-thousandths of a foot, and it 
has been stated that an experienced observer can, in a 
favorable light and on a water surface perfectly quiet, 
detect differences of level as small as 0.0002 feet. 


A cheaper form of hook gage, and one sufficiently pre- x ae 
cise for many classes of work, can be made by screwing a ; 
hook into the foot of an engineer’s leveling rod. The back part of 
the rod is then held in a vertical position by two clamps on fixed 
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supports, while the front part is free to slide. It is easy to arrange 
a slow-motion movement so that the point of the hook may be 
precisely placed at the water level. The reading of the vernier is 
determined when the point of the hook is at a known elevation 
above an orifice or the crest of a weir, and by subtracting from this 
the subsequent readings the heads of water are known. A New 
York leveling rod, reading to thousandths of a foot on its vernier, 
is to be preferred for this work. 

Hook gages are principally used for determining the eleva- 
tions of the water surface above the crest of a weir, as the heads 
of water are small and must be known with precision. In Fig. 
35d, the crest of the weir is seen and the hook gage is erected at 
some distance back from it, where the 
water surface is level. In this case great 
care should be taken to determine the read- 
ing corresponding to the level of the crest. 
In the larger forms of hooks this may be 

Fig. 355. done by taking elevations of the crest and 
of the point of the hook by means of an 
engineer’s level and a light rod. With smaller hooks it may be 
done by having a stiff permanent hook, the elevation of whose 
point with respect to the crest is determined by precise levels ; 
the water is then allowed to rise slowly until it reaches the 
point of this stiff hook, when readings of the vernier of the 
lighter hook are taken. Another method is to allow a small 
depth of water to flow over the crest and to take readings of the 
hook, while at the same time the depth on the crest is measured 
by a finely graduated scale. Still another way is to allow the 
water to rise slowly, and to set the hook at the water level when 
the first filaments pass over the crest; this method is not a very 
precise one on account of capillary attraction along the crest. 
As the error in setting the hook is a constant one which affects 
all the subsequent observations, especial care should be taken to 
reduce it to a minimum by taking a number of observations in 
order to obtain a precise mean result. 


The hook gage is also used to find the difference of the water 
levels in tanks for experiments for the determination of hydraulic 
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coefficients, and in wells along pipe lines when experiments are 
made to investigate frictional resistances. In general its use is 
confined to cases where the head is small, as for high heads so 
great a degree of precision is not required (Art. 54). 


Prob. 35. A wooden tank, 4.52 by 5.78 feet in inside dimensions, has 
leakage near its base. The hook gage reads 2.047 feet at 11.57 A.M., 
1.470 feet at 12.05 P.M., and 0.938 foot at 12.13 P.M. Compute the probable 
leakage in the first and last minutes. 


Art. 36. PRESSURE GAGES 


A pressure gage, often called a piezometer, is an instru- 
ment for measuring the pressure of water in a pipe. The form 
mcst commonly found in the market has a dial and movable 
pointer, the dial being graduated to read pounds per square inch. 
The principle on which this gage acts is the same as that of the 
Richard aneroid barometer and the Bourdon steam gage. 
Within the case is a small coiled tube closed at one end, while the 
other end is attached to the opening through which the water is 
admitted. This tube has a tendency to straighten when under 
pressure, and thus its closed end moves and the motion is com- 
municated to the pointer; when the pressure is relieved, the tube 
assumes its original position and the pointer returns to zero. 
There is no theoretical method of determining the motion of the 
pointer due to a given pressure, and this is done by tests in which 
known pressures are employed, and accordingly the divisions 
on the graduated scale are usually unequal. These gages are 
liable to error after having-been in use for some time, especially 
so at high pressures, and hence should be tested before and after 
any important series of experiments. 

In most hydraulic work the head of water causing the pressure 
is required to be known. When is the gage reading in pounds 
per square inch, the head of water in feet is h = 2.304p, or when 
p is the gage reading in kilograms per square centimeter, the head 
of water in meters isk = top. The graduation of the gage dial 
may be made to read heads directly, so as to avoid the necessity 
of numerical reduction, 
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The pressure at any point of a pipe may be measured by the 
height of a column of water in an open tube, as seen at A in Fig. 
36a. The upper portion of the tube may be of glass, so that the 
position of the water level may be 
noted on a scale held alongside. 
It is not necessary that the water 
column should be vertical, and a 
hose is often used, as seen at B, 
with a glass tube at its top. At 
C is shown a dial pressure gage. 
When the head / is directly read 
in feet, the pressure in pounds 
per square inch may be computed from p=0.434h. In order 
to secure precise results when the water in the pipe is in motion, 
it is necessary that a piezometer tube be inserted into the pipe 
at right angles; when inclined toward or against the current, 
the head / is greater or less than that due to the actual pressure 
at its mouth. 

For high pressures a water column is impracticable on ac- 
count of its great height, and hence mercury gages are used. 
Fig. 366 shows the principle of construction, a bent tube ABC 
with both ends open, having mercury in its lower 
portion, and the water column of height / being | 
balanced by the mercury column of height z. If 
the atmospheric pressures at A and C are the same, 
it is evident, from Art. 4, that the height h is about | 
13.6 times the height z, since the specific gravity 
of mercury is about 13.6. Now z can be read on 
a scale placed between the legs of the tube, and h 

: 
| 
| 
| 
: 
22 


Fig. 36¢. 


thus / is known, as also the water pressure at the 
point B. If the atmospheric pressures at A and C 
are different, as will be the case when / is very large, 
let 0; be the barometer reading at A and be that at 
C, both being in the same linear unit as # and z. 
The absolute pressure at B is that due to the 
height sk + s’b,, where s and s’ are the specific 
gravities of water and mercury, and the absolute Fig. 366, 


tianlian 


ic 
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pressure at the same elevation in the other leg is that due to 
the height s’(z + bz), Since these pressures are equal, 


h =(s'/s)(@+ 2 — bi) 


is the head corresponding to the distance z on the scale. The 
ratio s’/s is 13.6 approximately, its actual value depending on the 
purity of the water and mercury and on the temperature. 


Fig. 36c shows the mercury gage as arranged for measuring 
the pressure-head at a point A in a water pipe. The top is open 
to the air and through it the mercury may be poured in, the cock 
E being closed and F open; the mercury then stands at the same 
height in each tube. The cock F being closed and E opened, 
the water enters the left-hand tube, depressing the mercury to 


Fig. 36c. Fig. 36d. 


B, causing it to rise to C on the other side. The distance z is 
then read on a scale between the two tubes, and the height of 
B above A by another scale. The pressure of the water at B 
is that due to the head 13.6z, and the pressure at A is that due to 
the head y + 13.6z. In precise work it is necessary to deter- 
mine the exact specific gravity of the mercury and water at dif- 
ferent temperatures, so that precise values of the ratio s’/s may 
- be known. The value of s’ depends upon the purity of the mer- 
cury and is sometimes lower than 13.56. 


A better form of mercury gage for use under most conditions 
is shown in Fig. 36d. It consists essentially of a heavy cast-iron 
reservoir having a large horizontal cross-section as compared with 
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that of the glass tube T. The surface of the mercury M in this 
reservoir therefore remains at a practically constant level, and 
this level can be-seen through a small glass window provided 
for that purpose. The glass tube is inserted through a stuffing 
box at S and the flow of mercury into it is controlled by a valve 
at C. Cocks at A permit of drawing off and preventing the 
entrainment of air, and the water pressure is admitted to the gage 
through the valve B. In case observations are to be made on 
a pressure which is constantly fluctuating the resulting oscilla- 
tions in the tube can be dampened by partially closing the valves 
at either or both B and C. 


For very high pressures, such as are used in operating heavy 
forging-presses, the mercury column of the above gage would be so 
long as to render it impracticable, and accordingly other methods must 
be employed. Fig. 36¢ represents a mercury gage constructed on 
the principle of the hydraulic press 
(Art. 10). W is a small cylinder into 
which the water is admitted through 
the small pipe at the top, and M is a 
large cylinder containing mercury to. 
which a glass tube is attached. Be- 
fore the water is admitted into W the 
mercury stands at the level of B in 
both the glass tube and large cylinder, 
if the piston does not rest on the 
mercury. When the water is admitted, 
its pressure on the upper end of the piston is pa, if p is the unit-pres- 
sure and a the area of the upper end. If A is the area of the lower 
end of the piston, the total pressure upon it is also pa, and hence 
the unit-pressure on the mercury surface is p:a/A, and this is 
balanced by the column of height z in the glass tube. For example, 
suppose that A = 200a, then the unit-pressure on the mercury sur- 
face is 0.005); further, if z be 60 inches, the unit-pressure at B is 
about 2X 14.7 = 29.4 pounds per square inch (Art. 4), and accord- . 
ingly the pressure in W is p = 200 X 29.4 = 5880 pounds per square 
inch, which corresponds to a head of water of about 13 550 feet. 


faeces 


Fig. 36e. 


Prob. 36. The diameter of the large end of the piston in the last figure 
is 15 inches, and the diameter of the mercury column is } inch. Find the 
distance the piston is depressed when the mercury rises 60 inches. 
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Art. 37. DIFFERENTIAL Pressure GAGES 


A differential gage is an instrument for measuring differences 
of heads or pressures, and this must be frequently done in hy- 
draulic work. One of the simplest forms is that seen in F ig. 37a, 


where two water columns from A and D are brought to the sides 


of a common scale upon which the difference of height BC is 
directly read. A better form is one having two glass tubes 


Fig. 37a. Fig. 370. 


fastened to a scale, these tubes being provided with attachments 
upon which can be screwed the hose leading from the pipe. Where 
it is desired to measure the difference between two large heads, 
provided that this difference is not greater than can be read on 
the scale board, this can be done by connecting the tubes across 
their tops, as in Fig.376, and by means of an air pump imposing a 
pressure sufficient to bring the water columns within visible range. 
After this pressure has been imposed the valve at D is closed and 
the difference in the heads read on the scale. 


Fig. 37c shows the principle of the mercury differential gage.* 
Two parallel tubes are open at the top, and here the mercury is 
poured in, the cocks £ and F being open and A and C closed; 
the mercury then stands at the same height in each tube. The 
cocks E and F being now closed and A and C opened, the water 


* For the details of construction see paper by Kuichling in Transac- 
tions American Society of Civil Engineers, 1892, vol. 26, p. 439. 
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enters at A and C, and the mercury is depressed in one tube and 
elevated in the other. Let the pressure at B be that due to the 
head fi, and the pressure at C be that due to the 
head fe, and let fi be greater than faz; also let 
the distance read on the scale between the two 
tubes be z. Then Mi= dy + 13.62, or the differ- 
ence of the heads of water on B and C is 
iy — In’= 13.62. Thus if % be+1-409 feet, ote 
difference of the heads is 19.1 feet. Here, as for 
the mercury gage of Art. 36, the specific gravity 
of the mercury and water must be known for dif- 
ferent temperatures, or comparisons of the instrument with a 
standard gage must be made. 


Ig IE 


Fig. 37c. 


When the difference of the heads is small, the water gage, 
explained in the first paragraph, cannot measure it with precision, 
especially when the columns are subject to oscillations. To in- 
crease the distance between B and C and at the same time decrease 
the amount of oscillation, the oil differential gage, invented by 
Flad in 1885, may be used. Fig. 37d shows the principle of 
construction.* The cocks A and D being closed and F open, 
sufficient oilis poured in at F to partially fill the 
twotubes. Then F is closed and the water ad- 
mitted at A and D, when it rises to B in one 
tube and to C in the other, the oil filling the 
tubes above the water. Let s be the specific 
gravity of the water and s’ that of the oil, let h, 
be the head of water on B and /, that on C, then 
Shy = shy + s’z, whence hy — h, = (s’/s)z. Kero- 
sene oil having a specific gravity of about 0.79 
is generally used, and if the specific gravity of 
the water be unity, the difference of the heads is 0.79z. Thus 
z is greater than /, — /,, and hence an error in reading z pro- 
duces a smaller error in h, —h,. The specific gravities of the 
oil and water must be determined, however, so that s’/s can be 


*For the details see paper by Williams, Hubbell, and Fenkell in Trans- 
actions of American Society of Civil Engineers, 1902, vol. 47, pp. 72-83. 


Differential Pressure Gages. Art. 37 87 


expressed to four significant figures when precise work on low 
heads is to be done. 


The difference of head , — fy, determined by these differ- 
ential gages, is the difference of the heads due to the pressure at 
the water levels Band C. The difference of the actual heads at 

the points of connection with the pipe under test is next to be 
determined. Fig.37e shows a mercury gage set over a water 
pipe for the purpose of determining the loss of head due to a 


Fig. 37e. Fig. 37/f. 


valve, the velocity of the water being high, so that the difference 
of pressure at A and D is large. Fig.37f shows an oil gage 
set over a similar pipe, the velocity being low, so that the differ- 
ence of pressure is small. Let a horizontal plane, represented by 
the broken line, be drawn through the zero of the scale of the gage, 
and let d be the distance of this plane above the horizontal pipe. 
Let 6 and c be the readings of this scale at the water levels B and 
C in the gage tubes, the difference of these readings being z. Let 
h, and hf, be the pressure-heads on B and C, and H, and H, those 
on A and D. Then H,=4,+6+d and 4,=hm%+c+d, 
and the difference of these heads is 


A, —H,=m—m+b-c 
which is applicable to both kinds of differential gages. For the 
mercury gage the head 1 — /» equals 13.62, while the value of 
b—c is —2z; hence 
H, — Hy = 13.62 — 2 = 12.62 
For the oil gage J — 2 is — 0.792, while b —c is 2, hence 


H,- H,=- 0.792 +2 IO hehi 4 
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In general, if s’ is the ratio of the specific gravity of the mercury 
or oil to that of the water, the difference of the pressure-heads 
at A and D, which is the loss of head due to the valve, is (s’ — 1)z 
for the mercury gage and (1 — s’)z for the oil gage. 


The principle of the mercury gage can also be applied to the meas- 
urement of small differences of head by using a liquid having a specific 
gravity but little heavier than water. Thus Cole, in 1897,* employed 
a mixture of carbon tetrachloride and gasoline which had a specific 
gravity of 1.25; for this mixture H, — H, equals 0.252, or 2 is four 
times the head H, — Hy», and accordingly when H, — Hz is small, the 
error in determining it by the reading z is greatly diminished. 


It may be also noted that when the tube or pipe is not horizontal, the’ 


expressions (s’ — 1)z and (1 — s’)z give the loss of head between the 
two points A and D, although the difference of the actual pressure- 
heads may be greater or less according as A is lower or higher than 
D (Art. 85). 


Prob. 37. In the case of Fig. 37e let the point D be ower than A by 
0.45 foot, and let the reading z be 0.127 foot. How much greater is the 
pressure-head at A than that at D? 


Art. 38. WATER METERS 


Meters used for measuring the quantity of water supplied 
to a house or factory are of the displacement type; that is, as the 
water passes' through the meter it displaces or moves a piston, 
a wheel, or a valve, the motion of which is communicated through 
a train of clock wheels to dials where the quantity that has passed 
since a certain time is registered. There is no theoretical way 
of determining whether or not the readings of the dial hands are 
correct, but each meter must be rated by measuring the discharge 
ina tank. Several meters may be placed on the same pipe line 
in this operation, the same discharge then passing through each 
of them. When impure water passes through a meter for any 
length of time, deposits are liable to impair the accuracy of its 
readings, and hence it should be rerated at intervals. 


The piston meter is one in which the motion of the water 
causes two pistons to move in opposite directions, the water 


* Transactions American Society of Civil Engineers, 1902, vol. 47, p. 276. 
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leaving and entering the cylinder by ports which are opened and 
closed by slide valves somewhat similar to those used in the steam- 
engine. The rotary meter has a wheel enclosed in a case so that 
it is caused to revolve as the water passes through. The screw 
meter has an encased helical surface that revolves on its axis 
as the water enters at one end and passes out at the other. The 
disk meter has a wabbling disk so arranged that its motion is 
communicated to a pin which moves ina circle. In all these, and 
in many other forms, it is intended that the motion given to the 
pointers on the dials shall be proportional to the volume of water 
passing through the meter. The dials may be arranged to read 
either cubic feet or gallons, as may be required by the con- 
sumers. These meters are of different sizes according to the 
quantity of water to be registered. They all occasion considerable 
loss of head in the pipe on which they are installed and are of 
varying degrees of sensitiveness for small flows. The quantity 
of water registered by a meter of these types varies on account of 
wear both with its age and with the quality of the water it meas- 
ures. For these reasons frequent ratings are desirable.* 


The Venturi meter, named after the distinguished hydrauli- 
cian who first experimented on the pungple by which it operates, 
was invented by Her- 
schel in 1887.1 Fig.38a 
shows a horizontal pipe 
having an area a, at 
each end, and the cen- 
tral part contractéd to 
the area a, with two 
small piezometer tubes into which the water rises. When there 
is no flow, the water stands at the same level in these two 
columns, but when it is in motion, the heights of these columns 
above the axis of the pipe are /, and %. Let v, and » be the 
mean velocities in the two cross-sections. Then by Art. 24 the 
effective head in the upper section is /, + v,°/2g, and that in 


Fig. 38a. 


* Transactions American Society of Civil Engineers, 1899, vol. 41, and 
Proceedings American Water Works Association, 1910. 
+ Transactions American Society of Civil Engineers, 1887, vol. 17, p. 228. 
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the small section is 4, + 2,2/2g; if there be no losses caused by 
friction, these two expressions must be equal, and hence by the 


theorem of (31), 
V2? — 117 = 2¢(In — he) 


Now let Q be the discharge through the pipe, or Q = a,2, and also 
Q = dy». Taking the values of 2, and 2, from these expressions, 
inserting them in the above equation, and solving for Q, gives 


Q=—S — Vogl — In) (38) 
Vay? —4a,? 

which may be called the theoretic discharge. Owing to fric- 
tional losses which occur between the two cross-sections, the 
actual discharge q is always less than Q, or g = cQ, in which ¢ 
is a coefficient whose value generally lies between 0.95 and 0.99. 
To determine g, when the coefficient is known, it is hence only 
necessary to measure the difference #, — /,, and then compute 
Q by formula (88). 


The Venturi meter is used for measuring the discharge through 
pipes two inches or more in diameter, the largest meters of 
this type yet undertaken being those for the new Catskill Water 
System of the city of New York. Each of these meters will 
have a capacity of 650 000 ooo U.S. gallons per day. They will 
be constructed of reinforced concrete with bronze throat pieces. 
The diameter of each end of the meter tube will be 210 inches, 
while that at the contracted section will be 93 inches. 


The contracted section or throat of the meter is usually made 
from one-quarter to one-ninth of the area of the pipe, and hence 
the velocity through it is from four to nine times that in the pipe. 
The throat area used in any particular case is determined from 
considerations of the various rates of flow to be measured and the 
resulting throat velocities which should not, in order that the 
quantity may be well recorded on the automatic recording ap- 
paratus, fall much below 3 feet or far exceed 40 feet per second. 


In practice the two water columns shown on Fig.38a may be 
led to a mercury gage, Art.37, where the difference between the 
pressure heads /, and /, is shown by the difference in level of the 
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two mercury columns. A scale 
graduated so that h, —hy varies 
very nearly as q’ will then 
enable the rate of flow in the 
pipe to be directly read (88). 
This meter is extensively used 
for the measurement of water 
and other liquids, and its 
capacity and accuracy are 
greater than that of any other 
form yet devised. 

In Fig.38d is shown a type 
of continuous recording ap- 
paratus as constructed by the 
Builders Iron Foundry of 
Providence, R. I., for use with 
the Venturi meter. On the 
upper dial, which is driven by 
a clock, a pen makes on a 
chart a continuous autographic 
record of the rate of flow 
through the meter. By means 
of this chart and a special 
planimeter the quantity of 
water which has passed the 
meter may be determined for 
any desired period. Depend- 
ing on the gear of the clock, 
these charts are changed every 
24 hours, every week, or at 
any other desired interval. 
On the central dial the mech- 
anism automatically records 
the total quantity of water , 
which has passed through the 
meter from the time it was 
set to the time any reading of 
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the face is taken. On the lower dial the pointer continuously 
indicates the rate of flow, and, depending on the graduations 
of the scale, may indicate in millions of gallons per day, in 
cubic meters per second, or in any other desired unit. 


A brief description of the operation of this apparatus is as follows. 
The two pressure pipes from the meter tube, Fig.38a, are led to two 
mercury chambers connected near their bottoms and so forming a dif- 
ferential gage. In each of these chambers is a cast-iron float, and each 
float carries a toothed rack. Each rack meshes with a spur gear, both 
gears being attached to a single shaft which carries the pointer on the 
lower dial. The angular movement of this pointer is therefore exactly 
proportional to any change in the difference of the two mercury 
levels.. Attached to this shaft is a cam, the curve of whose face is 
proportional to Wh, —f. As the shaft rotates the cam presses 
against and moves a long vertical lever which carries at its top the pen 
which makes the record on the chart on the upper dial. It is evident 
therefore (88) that the movement of the pen is proportional tog. The 
lever which carries the pen is also connected to a clock-driven in- 
tegrating mechanism in a manner such that the speed of the counter 
increases directly as the angular movement of the vertical lever in- 
creases from its starting position. The speed of the counter is at all 
times therefore proportional to the rate of flow through the meter, and 
thus the quantity passing is continuously integrated. The accuracy 
of this recording mechanism can be tested at any time by comparing 
the rate of flow indicated by it with the difference between h, and hy 
as shown by a differential gage connected to the two pressure tubes 
leading from the meter. A known difference in pressure may also be 
imposed upon the pipes leading to the recording mechanism by means 
of two water columns and the registration of the apparatus observed 
and compared with this known difference. In this way the ap- 
paratus can be tested through greater ranges than those usually to 
be obtained under service conditions. 


Another form of recording apparatus for use with the Venturi 
meter is made by the Simplex Valve and Meter Company of 
Philadelphia, Pa.* This apparatus performs all of the functions 
of that above described. Its operation is also based on a cam 
but details of its mechanism are materially different. 


* Proceedings American Water Works Association, 1906. 
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The Premier meter * manufactured by The National Meter 
Company makes use of the Venturi principle though in a manner 
entirely different from the others above described. It consists 
essentially of a Venturi tube with a by-pass leading from its up- 
stream end to its throat. On this by-pass, which is materially 
smaller than the main tube, there is put a displacement meter 
of the piston type which records that proportion of the entire flow 
which passes through it. The ratio between the total flow and 
that indicated by the small meter being determined by experi- 
ment, the entire arrangement becomes an instrument for the meas- 
urement of water or other liquids. This type of meter is strictly 
of the proportional type, and as such, is open to all of the objec- 
tions which hold against the class. It gives best results for throat 
velocities in excess of 10 feet per second at which the friction © 
in the small recording meter becomes relatively small and con- 
sequently has less effect on the strict proportionality of flow 
through the two branches. This type of meter is adapted to 
locations close to the hydraulic gradient, where the styles of re- 
cording apparatus hereinbefore described could not be used in 
connection with a simple Venturi tube on account of insufficient 
submergence of the throat. For the proper operation of these re- 
cording mechanisms it is always necessary that the pressure-head 
at the throat be a positive quantity. 


Still another instrument adapted for making a continuous 
record of the flow of water in a pipe is the Pitotmeter as perfected 
by Cole.{ This apparatus consists essentially of a pair of Pitot 
tubes, Art. 41, which can be inserted through a corporation cock to 
any position within the pipe. One of these tubes looks upstream 
and the other downstream. From them connection is made to 
the branches of a differential gage in which is placed a mixture 
of carbon tetrachloride and gasoline (Art.37). The difference in 
level between the columns is photographically recorded on a strip 
of sensitized paper by means of suitable apparatus, and from this 


* Proceedings American Water Works Association, 1908; Engineer- 
ing News, June 16, 1904. 

{ Journal New England Water Works Association, 1906; Proceed- 
ings American Water Works Association, 1907. 
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recorded difference the quantity of water which has passed through 
the pipe can be computed. With this apparatus the usual 
procedure is to first rate the Pitot tubes (Art.41), and then after 
inserting them into the pipe, making a traverse in order to de- 
termine the ratio between the average and maximum velocities. 
This ratio usually varies from 0.80 to 0.86 (Art. 83). Thereafter 
the tubes are set so as to record the maximum velocity, and by 
means of the ratio the average velocity is computed. In order to 
insure correct results the tubes must be carefully rated and care 
be taken to see that they are kept clean of materials deposited 
from the water about their mouths. The Pitotmeter has the 
advantage of causing little or no loss of head. It is a very portable 
instrument, and is particularly adapted for application to water 
waste investigations, pump slippage, and other allied subjects. 


All meters cause a loss in pressure, so that the pressure-head 
in the pipe beyond the meter is less than in the pipe where it 
enters the meter. This is due to the energy lost in overcoming 
friction. For a Venturi tube having a throat area of one-ninth 
that of the pipe the loss of head in feet is about 0.0021V?, where 
V is the velocity in the contracted section in feet per second. 
Thus, when the velocity in a water main is 3 feet per second, the 
velocity in the contracted section will be 27 feet per second, and 
the loss of pressure-head due to the meter tube about 1.53 feet. 

Prob. 38. A 12-inch pipe delivers 810 gallons per minute through a 
Venturi meter, @, being one-ninth of @,. Compute the mean velocities 


in the sections a; and dy. If the pressure-head in a, is 21.4 feet, compute the 
pressure-head in dy. 


ArT. 389. MEAN VELOCITY AND DISCHARGE 


In Chap.3 the velocity of water flowing from an orifice, 
or through a tube or pipe, was regarded as uniform over the 
cross-section. If a is that area, and v the uniform velocity, the 
discharge is g = av; hence, if a and v can be found by measure- 
ment, g is known. In fact, however, the velocity varies in differ- 
ent parts of a cross-section, so that the determination of v can- 
not be directly made. Yet there always is a certain value for 
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v, which multiplied into @ will give the actual discharge g, and 
this value is called the mean velocity. 


In the case of a stream or open channel the velocity is much 
less along the sides and bottom than near the middle. A rough 
determination of the mean velocity may be made, however, by 
_ observing the greatest surface velocity by a float, and taking 
eight-tenths of this for the approximate mean velocity. Thus, 
if the float requires 50 seconds to run 120 feet, the mean velocity 
is about 1.9 feet per second ; then if the cross-section be 820 square 
feet, the discharge is 1560 cubic feet per second. 


a 


The practical object of determining the mean velocity is, 
in nearly all cases, to determine the discharge, but as a rule the 
mean velocity cannot be directly observed. A knowledge of 
its value, however, is necessary in all branches of hydraulics, 
since hydraulic coefficients and formulas are based upon it. Ac- 
cordingly, many experiments have been made upon small orifices 
and pipes by catching the flow in tanks and thus determining gq, 
then the mean velocity has been computed from v = g/a. This 
process has been extended, by indirect methods, to large orifices 
and pipes, and finally to canals and rivers. 

A common method of finding the discharge of a stream is 
to subdivide the cross-section into parts and determine their 
areas 1, @2, etc., the sum of which is the totalareaa. Then, 
if 2,, %, etc., are the mean velocities in these areas, and if these 
are determined by observations, the discharge is 


GF =U + Ayv2 + 4303 + etc. (39) 
Here the mean velocities may be roughly found by observing 
the passage of a surface float at the middle of each subdivision 


and multiplying this surface Coe eae EE ZB 
velocity by o9. There @ZooPOerert a tae pia a 


\\} 
| 


of “Lig : SA 
are, however, more precise Qj TF 


methods, one of which will 
be explained in Art. 40, 
while others will be described in Chap. 10. When q has been 
found in this manner, the mean velocity of the stream may be 


computed, if desired, by » = 9/a. 
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Formula (39) applies also to a cross-section of any kind. — 
Thus, let the pipe of Fig. 396 be divided by concentric circles 
into the areas, @;, d:, @3, a4, and let the mean 

velocities v1, %, V3, v4, be determined by obser- 
vation for each of these areas; the discharge 

(O} 4) @ is then given by (39). Again, in the con- 

duit of Fig. 126a, let a velocity observation be 
taken at each of the 97 points marked by a 
dot, these points being uniformly spaced over 
the cross-section, so that each of the areas a, a2, etc., may be 
regarded as 97 4. Then from (39) the discharge is 


Q = pr O01 + 2 +03 + +++ + 97) = av 


or v is the sum of the individual velocities divided by 97. In 
general, if a cross-section be divided into 1 equal parts, the mean 
velocity is the average of the 2 observed velocities. This result 
is the more accurate the greater the number of parts into which 
the cross-section is divided. If the number of parts be infinite 
and the water passing through each be called a filament, the mean 
velocity in the cross-section may be defined as the average of the 
velocities of all the filaments. 


Fig. 390. 


Prob. 39. A water pipe, 3 inches in diameter, is divided into three parts 
by concentric circles whose diameters are 1, 2,and 3 inches. The mean veloc- 
ities in these parts are found to be 6.6, 4.8, and 3.0 feet per second. Com- 
pute the discharge and mean velocity for the pipe. 


Art. 40. THE CURRENT METER 


In 1790 the German hydraulic engineer Woltmann invented 
an apparatus for measuring the velocity of flowing water which 
was later improved by Darcy and others, and is now extensively 
used for gaging streams and other open channels. This meter 
is like a windmill, having three or more vanes mounted on a 
spindle and so arranged that the face of the wheel always stands 
normal to the direction of the current, the pressure of which causes 
it to revolve. The number of revolutions of the wheel is approxi- 
mately proportional to the velocity of the current. In the best 
forms of this instrument the number of revolutions made 
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in a given time is determined and recorded by an apparatus 
placed near the observer on a bridge, in a boat, or elsewhere. 
In these forms an electric connection is made and broken at every 
fifth revolution and a dial on the recording apparatus affected. 
By means of a telephone receiver the making and breaking of 
the circuit can be made audible to the observer, who in such 
case simply keeps count of the number of clicks and observes on 
a stop-watch the time elapsed for a given number of revolutions. 


The meter may be operated by placing it on a rod on which 
its position may be changed at will or by suspending it from a 
chain or rope. The former of these methods is applicable only 
to small streams and to cases where the velocity is low. Under 
the second method the meter can best be operated from a bridge, 
and in some cases at permanent gaging stations in lieu of a bridge 
a wire cable may be stretched across the stream and at a sufficient 
height above it, so that hea ee. 
the operator, when LEE 
seated in a cage which 
travels on the cable, 
will have room for 
operation. On very 
large streams or where 
the expense of a cable 
is not warranted the 
gagings may be made 
froma boat. At times 
of low water, in shal- 
low streams the meter 
is carried and held di- 
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rectly in position by the observer who wades out into the 
stream. In such cases care must be taken to hold the meter 
clear of the disturbing influence of the observer’s presence. 


Figure 40a shows the recording dial of an electrically operated de- 
vice for counting the revolutions of a meter, and in Fig. 40d is shown 
the Price current meter, a form extensively used in the United States. 
The cups or vanes are kept facing the current by means of the cross- 
shaped rudder immediately behind them. At the lower end of the 
standard is a heavy torpedo-shaped lead weight also equipped with 
rudder vanes. The supporting cable is shown connected to the upper 
end of the standard by a snap, and the electric connection wires are 
shown extending from the battery in the leather case through the meter 
and thence to the telephone receiver. Both the battery and the re- 
ceiver are carried by the observer. In order to assist in keeping the 
meter more nearly vertical in swiftly flowing streams a line may be 
attached to the supporting cable a short distance above the meter and 
carried to some point upstream, so that a pull on it will help to make the 
meter better maintain its position. 


A current meter cannot be used for determining the velocity 
in a small trough or channel, since the introduction of it into the 
cross-section would contract the area and cause a change in the 
velocity of the flowing water. In large conduits, canals, and rivers 
it is, however, a convenient and accurate instrument. By simply 
holding it at a fixed position below the surface the velocity at 
that point is found; by causing it to descend at a uniform rate 
from surface to bottom the mean velocity in that vertical is 
obtained; and by passing it at a uniform rate over all parts of 
the cross-section of a channel the mean velocity v can be directly 
determined. This latter procedure is one which can be put into 
practice only in small channels and under unusual conditions. 
It is mentioned here simply to illustrate the various uses to 
which the current meter may be put. 


In operation the current meter is generally suspended from 
a cable which is graduated so that the distance of the cen- 
ter of the meter below the surface of the water can be directly 
read by the observer. The current meter, like every other 
instrument, must be used and handled with care to produce 
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the best results. Hoyt * has well summarized recent current 
meter practice and the results which have been obtained. 


To derive the velocity of the water from the number of 
recorded revolutions per second the meter must first be rated 
by pushing it at a known velocity through still water. The 
best place for doing this is in a pond or navigation canal, where 
the water has no sensible velocity. A track is built along the 
bank on which a small car can be moved at a known velocity. 
From this car the meter is suspended into the water either 
from a rod or a cable, and the method of suspension used should 
be the same as that to be eniployed in actual service. The lowest 
velocity of the car should be that at which the meter will just start 
and continue revolving; this velocity is from 0.1 to 0.2 feet per 
second. The highest velocity should be somewhat in excess 
of the actual velocities to be observed, and ratings are usually 
carried up to velocities of from 1o to 15 feet per second. It 
is always found that the number of revolutions per minute 
is not exactly proportional to the velocity of the car, and hence 
when the meter is held stationary in running water, the velocity 
of the water is not proportional to the number of revolutions. 


From the observations made at the different known velocities 
there is prepared a rating table showing the velocity of the water 
in feet per second corresponding to the number of meter revo- 
lutions. This form of table is best, since in making observations 
best results are obtained by noting the number of seconds required 
to complete a certain number of revolutions. To make such a 
table the known velocities .of the car are taken as abscissas 
on cross-section paper and the number of revolutions as ordinates, 
and a point corresponding to each observation is plotted. A mean 
curve may then be drawn to agree as closely as possible with the 
plotted points, and from this curve the velocity corresponding to 
any number of revolutions can be taken off. This curve may be 
expressed by an equation of the form V = a + bn or V=a+bn 
+ cn®, in which V is the velocity of the car in feet per second and 
n in the number of revolutions of the meter per second. By the 


* Transactions American Society of Civil Engineers, rg10, vol. 66, p. 70. 
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aid of the Method of Least Squares the constants of the equation 
‘ may then be computed and the curve determined (Art. 42). 
In the case of the small Price meter it has been found that the 
curve is very closely approximated by two straight lines AB and 
BC, as shown in Fig.40c, which is a typical rating curve for this 


Revolutions per Second 
© 


aoa 
L 2 


3 4 5 6 7 8 9 0 Pet 12 is eels 
Velocity in Feet per Second. 


Fig. 40c. 


% 


type of meter.* This curve was based on thirty-five observa- 
tions at different velocities, and practically all of them fell on 
the line ABC which is also very nearly a straight line. 


An examination{ of the rating tables of a number of meters 
has shown that possible errors due to differences in rating are 
quite small, and that a Price meter in good condition can be used 
with a standard rating table without serious error for all veloc- 
ities greater than 0.5 foot per second and then generally within 
about 2 percent. 


While the current meter is an extensively used instrument, there 
are, as in most other hydraulic work, certain features which are not 
yet fully understood. These are the differences shown in the results of 
the ratings of the same meter when held on a rod and when suspended 
by a cable.{ It has also been found that the rating of a meter made in 
still water differs somewhat from that made in running water,{ but 
no successful means for making direct running water ratings have 
as yet been devised. Many good comparisons between current meter 
gagings and weir measurements have been made, but the current meter 


* Transactions American Society of Civil Engineers, 1910, vol. 66, Deo 
t Transactions American Society of Civil Engineers, 1910, vol. 66, p. 83. 
t Water Supply and Irrigation Paper, No. 95, U. S. Geological Survey. 
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velocities in all of them have been relatively low, so that no complete 
comparison has up to the present been possible. 


Prob. 40. In order to rate a certain current meter, three observations 
were taken in still water, as follows: 


Velocity of the car = 2.0 3.8 7.4 feet per second 
Revolutions per minute = 30 60 120 


Plot these observations on cross-section paper and deduce, without using 
the Method of Least Squares, the relation between V and n in the equation 
V =a-+ on. 


Art. 41. Tuer Pitot Tuse 


About 1750 the French hydraulic engineer Pitot invented a 
device for measuring the velocity in a stream by means of the 
velocity-head which it will produce. In its simplest form it 
consists of a bent tube, the mouth of which is placed so as to 
directly face the current. The water then rises in the vertical 
part of the tube to a height # above the surface of the flowing 
stream, and this height is equal to the velocity-head v/2g, so that 
the actual velocity v is in practice approximately equal to V/2gh, 
As constructed for use in 
streams, Pitot’s appa- 
ratus consists of two 
tubes placed side by side 
with their submerged 
mouths at right angles, 
so that when one is op- 
posed to the current, as 
seen in Fig. 410, the other stands normal to it, and the water 
surface in the latter tube hence is at the same level as that of 
the stream. Both tubes are provided with cocks which may 
be closed while the instrument is immersed, and it can be then 
lifted from the water and the head % be read at leisure. It is 
found that the actual velocity is always less than V/ 2gh, and 
that a coefficient must be deduced for each instrument by mov- 
ing it in still water at known velocities. Pitot’s tube has the 
advantage that no time observation is needed to determine the 
velocity, but it has the disadvantage that the distance / is 


Fig. 410. 
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usually very small, so that an error in reading it has a large 
influence. Although the instrument was improved by Darcy in 
1856 and used by him for some stream measurements, it was for 
a long time regarded as having a low degree of precision. 


When using a Pitot tube for measuring the velocity in a 
stream, the two columns may be raised above the level of the water 
in the stream and brought to a height convenient for observation 
by partly exhausting the air from the tubes above the columns. 
This procedure is analogous to the imposing of an air pressure 
above the water columns in the case of high heads, as was de- 
scribed in Art. 37. . 


In 1888 Freeman made experiments on the distribution of 
velocities in jets from nozzles, in which an improved form of 
Pitot tube was used.* The point of the tube facing the current 
was the tip of a stylographic pen, the diameter of the opening 
being about 0.006 inch. This point was introduced into differ- 
ent parts of the jet and the pressure caused in the tube was meas- 
ured by a Bourdon pressure gage reading to single pounds. 
The velocities of the jets were high; for example, in one series 
of observations on a jet from a 1g-inch nozzle, the gage pressures 
at the center and near the edge were 51.2 and 18.2 pounds per 
square inch, which correspond to velocity-heads of 118.2 and 42.0 
feet, or to velocities of 87.2 and 52.0 feet per second. By com- 
puting the mean velocity of the jet from measurements in con- 
centric rings (Art.39) and also from the measured discharge, 
Freeman concluded that any velocity as determined by the tube 
was smaller than that computed from v = /2gh by less than one 
percent. This investigation established the fact that the Pitot 
tube is an instrument of great precision for the measurement 
of high velocities. 


Experiments on the flow of water in pipes, in which Pitot 
tubes were successfully used, were made in 1897 by Cole at Terre 
Haute, and in 1898 by Williams, Hubbell, and Fenkell at Detroit. 
In the Detroit experiments the tube was introduced into the pipe 


* Transactions American Society of Civil Engineers, 1889, vol. 21, p. 413. 
} Transactions American Society of Civil Engineers, 1902, vol. 47, pp. 12, 275. 
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through an opening provided with a stuffing-box, so that the 
point of the tube might be placed at any desired position. The 
tubes had openings at their points 3 inch in diameter and other 
openings of the same size on their sides to admit the static pres- 
sure of the water. These latter openings led to a common chan- 
nel parallel to that leading from the point, and each of these was 
connected to a rubber hose running to a differential gage, con- 
sisting of two parallel glass tubes open at the top, where the dif- 
ference of head was read onascale. In order to be able to deduce 
the velocities in the pipe from the readings of the gage, the Pitot 
tubes were rated by moving them in still water at known veloc- 
ities as for the current meter (Art.40). Thus a coefficient c, was 
derived for each tube for use in the formula v = ¢,-V2gh. This 
coefficient was found to range from 0.86 to 0.95 for different tubes, 
and it varied but little with v.: 

Many different forms of Pitot tubes have been made and experi- 
mented upon. Each of these forms has, in common with the others, 
the pressure opening which faces the current, though the shape and 
dimensions of this opening differ materially in the various types. In 
some of them the static pressure is admitted through a hole in the side 
of the apparatus, while in others it is admitted through a number of 
such holes. In another type the tube is made symmetrical with an 
opening looking downstream. In this case the water column connected 
with the upstream opening will indicate the velocity head, while that 
connected with the opening which faces downstream will indicate 
a pressure less than the static head on account of the negative head 
induced by the arrangement. The difference between the two columns 
is thus increased and its reading on the scale rendered more easy, while 
the proportional error of any reading is also reduced. In Fig. 41c is 
shown a formof tube used bythe U.S. Geological Survey * for themeas- 
urement of velocity in small and shallow streams in connection with 
experiments on the transporting capacity of currents, while in Fig. 41d 
is shown the type used in connection with the Pitotmeter (Art. 38). 
In this figure is shown also the method of introducing the tubes into 
a pipe where the velocity is to be measured. 

Some recent comparisons * between the still and moving water 
ratings of Pitot tubes indicate that there may be a difference between 


* Engineering News, Aug. 12, 1909. 
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the results obtained by these two methods. It is desirable, of course, 
that every instrument should be rated under conditions similar to those 
in which it is to be used. One of the ways of rating a Pitot tube 


Fig. 41c. Fig. 41d. 


in running water is that suggested and used by Judd and King* 
who placed the tube used by them at the contracted section of a jet 
and concluded that its coefficient was 1.00. 


Prob. 41. Explain how a well-rated Pitot tube may be used to measure 
the speed of a boat or ship. 


Art. 42. Discusston oF OBSERVATIONS 


An observation is the recorded result of a measurement. All 
measurements are affected with errors due to imperfections of 
the instrument and lack of skill of the observers, and the recorded 
results contain these errors. Thus, if 6.05, 6.02, 6.01, and 6.04 
inches be four observations on the diameter of an orifice, all of 


* Engineering News, Sept. 27, 1906. 
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these cannot be correct, and probably each is in error. The best 
that can be done is to take the average of these observations, or 
6.03 inches, as the most probable result, and to use this in the 
computations. 


An observer is often tempted to reject a measurement when 
it differs from others, but this can only be allowed when he is 
convinced that a mistake has been made. A mistake is a large 
error, due generally to carelessness, and must not be confounded 
with the small accidental errors of measurement. When a series 
of observations is placed before a computer, he should never be 
permitted to reject one of them, unless there is some remark in 
the note-book which casts doubt upon it. 


Graphical methods of discussing and adjusting observations, 
like that mentioned in Art. 40, are of great value in hydraulic 
work. As another example, the following observations made by 
Darcy and Bazin on the flow of water in a rectangular trough, 
1.812 meters wide and having the uniform slope 0.049, may be 
noted. Water was allowed to run throughit with varying depths, 
and for each depth the mean velocity (Art. 39) and the hydraulic 
mean depth (Art.112) was determined by measurement. Let 
v be the mean velocity and r the hydraulic mean depth; then five 
measurements gave the following observations, v being in meters 
per second and r in centimeters. Let it be assumed that the 


No.= 1 2 3 4 8 
je weT eee OS= 62.172 - 22.33" 6 2-40 
Fett 1440 617.0 10.2" 21:2 


relation between » and 7 is of the form v = mr”, and let it be re- 
quired to determine the most probable values of m and n. 

For each of these observations a point may be plotted on cross- 
section paper, taking the values of v as ordinates and those of r 
as abscissas, and a smooth curve may then be drawn so as to agree 
as nearly as possible with the points. Such a curve, however, 
is of little assistance in determining the values of m and n, unless 
the curve should be a straight line drawn through the origin, in 
which case it is plain that ” is unity and that m is the tangent of 


106 Chap. 4. Instruments and Observations 


_ the angle that the line makes with axis of abscissas. In this case 
no straight line can be drawn approximating to the points and 
passing through the origin, but the plot gives the curve shown 
in Fig. 42a. If, however, the logarithm of each side of the as- 
sumed formula be taken, it becomes 
logv = nlogr+ log m 

which represents a straight line if log v be considered as the 
variable ordinate and log 7 as the variable abscissa, log m being 


Values of v 


0 5 10 15 20 25 
Values of r 


Fig. 42a. 


the intercept on the axis of ordinates and the tangent of the 

angle which the line makes with the axis of abscissas. On plot- 

ting the points corresponding to the values of log v and log 7, it is 

seen that a straight line can be drawn closely agreeing with the 
5 


1.5 2 


1 
Values of log. r 
Fig. 420. 


points, that this line cuts the axis of ordinates at a distance of 
about 0.35 below the origin, and that the tangent of the angle 
made by it with the axis of abscissas is about o. 55. Hence (Fig. 
426) n = 0.55, log m = — 0.35 = 1.65, or m = 0.446; then 
logy=o0.55logr—0.35 or v=0.446r9% 

is an empirical formula for computing the mean velocity in this 
trough. Using the above values of r and computing those of 2, 
it is found that the computed and observed results agree fairly, 
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the former being generally a little smaller, which is due to the 
fact that only two significant figures are found from the plot. 


Whenever a series of plotted points can be closely represented 
by a straight line on logarithmic section paper, the equation be- 
tween the variables is an exponential one. Numerous exponential 
formulas for the flow of water in pipes and channels rest upon 
the judgment of the investigator in deciding that the plotted 
points are sufficiently well represented by a straight line. 

There is a process, known as the Method of Least Squares, by 
which the constants of an empirical formula may be obtained from ob- 
servations with a higher degree of precision than by any graphic method. 
Its application to the above case will here be given. Let the simul- 
taneous values of log v and log ry for each experiment be placed in 
the logarithmic formula as follows: 


for No:_s, 0.238 = 1.057" + log m 
for No. 2, 0.297 = 1.158% + log m 
for No. 3, 0.336 = 1.230" + log m 
for No. 4, 0.367 = 1.283” + log m 
for No. 5; 0.391 = 1.326" + log m 


These five equations contain two unknown quantities, 7 and log m, 
but no values of these can be found that will exactly satisfy all the 
equations. The best that can be done is to find the values that have ~ 
the greatest degree of probability, and these will satisfy the equations 
with the smallest discrepancies. To do this, let each equation be 
multiplied by the coefficient of m in that equation and the results be 
added ; also let each equation be multiplied by the coefficient of log m 
in that equation and the results be added. Thus are found the two 
normal equations containing the two unknown quantities :. 


1.998 =7.375n + 6.054 log m 
1.629 = 6.054” + 5.000 log m 


and the solution of these gives » = 0.571 and log m= — 0.366. 
Since — 0.366 equals 1.634, the value of m is 0.431, and then 


log 7 = 0.571 logr — 0.306 or v= O43 ies 
is the empirical formula for this particular case. 


The Method of Least Squares is usually more laborious than the 
graphical method, but it has the great advantage that its results are 
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the most probable ones that can be derived from the given data. It 
has the further advantage that all computors will derive the same 
results, whereas in the graphic method the results will usually differ, 
because the position of the line drawn on the plot is affected by the 
different degrees of judgment and experience of the draftsmen. It 
will be seen from Fig. 425 that it is not very easy to determine close 
values of log m since the plotted points are so far away from the origin. 


Prob. 42a. In order to rate a certain current meter four observations 
were taken in still water as follows: 

Velocity of the car 0.7 2.4 4.7 9.3 feet per second 

Revolutions of meter 18 60 120 240 per minute 
Find the values of a and b in the formula v = a + bn, both by plotting and 
by the method of least squares. 

Prob. 42). Three observations of horizontal angles are made at the 
station O, which give AOB=62°17’, BOC = 20°35’, AOC=82°ss’. Ad- 
just these observations by the method of least squares so that the large 
angle may be equal to the sum of its parts. 
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CHAPTER 5 
FLOW OF WATER THROUGH ORIFICES 


Art. 43. STANDARD ORIFICES 


Orifices for the measurement of water are usually placed in 
the vertical side of a vessel or reservoir, but may also be placed 
in the base. In the former case it is understood that the upper 
edge of the opening is completely covered with water; and gen- 
erally the head of water on an orifice is at least three or four times 
its vertical height. The term “standard orifice” is here used to 
signify that the opening is so arranged that the water in flowing 
from it touches only a line, as would be the case in a plate of no 
thickness. To secure this result the inner part of the opening is 
a definite edge, which alone is touched by the water. In pre- 
cise experiments the orifice may be in a metallic plate whose 
thickness is really small,as at A in the figure, but more commonly 
it is cut in a board or plank, care being taken that the inner edge 
is sharp and definite. It is usual to bevel the outer part of the 
orifice, as at C, so that the escaping jet 
may by no possibility touch the same 
except at the inner edges. The term 


“orifice ina thin plate” is often used WG WZ 
to express the condition that the water tijea~ i - 


shall only touch the edges of the open- 
ing along a line. This arrangement 
may be regarded as a kind of standard 
apparatus for the measurement of 
water; for, as will be seen later, the discharge is modified when 
the inner edges are rounded, and different degrees of rounding 
give different discharges. The standard arrangements shown in 
Fig. 43a are accordingly always used when water is to be meas- 


ured by the use of orifices. 
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The contraction of the jet which is always observed when 
water issues from a standard orifice, as described above, is a most 
interesting and important phenomenon. It is due to the circum- 
stance that the particles of water as they approach the orifice 
move in converging directions, and that these directions continue 
to converge for a short distance beyond the plane of the orifice. 
It is this contraction of the jet that causes only the inner corner 
of the orifice to be touched by the escaping water. The appear- 
ance of such a jet under steady flow, issuing from a circular ori- 
fice, is that of a clear crystal bar whose beauty claims the ad- 
miration of every observer. The convergence due to this cause 
ceases at a distance from the plane of the orifice of about one-half 
its diameter. Beyond this section the jet enlarges in size if it be 
directed upward, but decreases in size if it be directed downward 
or horizontally. 

The contraction of the jet is also observed in the case of rec- 
tangular and triangular orifices, its cross-section being similar 

to that of the orifice until the 

(| 6) a a place of greatest contraction is 

passed. Fig. 430 shows in the top 

row cross-sections of a jet from a 

A\ > Ye A square orifice, in the middle row 

: those from a triangular one, and 

in the third row those from an 

@ OC Ss — elliptical orifice. The left-hand 

Ssets diagram In each case is the cross- 

section of the jet near the place 

of greatest contraction, while the following ones are cross-sec- 

tions at greater distances from the orifice, and the jets are sup- 
posed to be moving horizontally or nearly so. 


Owing to this contraction, the discharge from a standard 
orifice is always less than the theoretic discharge, which, from 
Arts. 22 and 30, would be expressed by 


Q=aV2gh (43) 
where @ is the area of the orifice and h the head above its center. 
It is evident that the quantity of water passing the plane of the 
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orifice and that passing the plane of the contracted section in any 
unit of time are the same, and since there probably can be no 
appreciable change in the density of the water, there must there- 
fore be an increase in velocity between these two planes. The 
reasons for such an increase are not fully known. It is not prob- 
able that the velocity at the center of the jet changes materially, 
butrather that the increase occurs in its outer filaments, so that at 
the contracted section they are all traveling parallel with each 
other and at the same velocity.* 

It is the object of this chapter to determine how the theoretic 
formulas for orifices given in Chap. 3 are to be modified so that 
they may be used for the practical purposes of the measurement 
of water. This is to be done by the discussion of the results of 
experiments. It will be supposed, unless otherwise stated, that 
the size of the orifice is small compared with the cross-section of 
the reservoir, so that the effect of velocity of approach may be 
neglected (Art. 24). 

Prob. 43. At a distance from a circular orifice of one-half its diameter 
a jet has a diameter of 1 inch and a velocity of 16 feet per second. When it 
is directed vertically downward, what is the diameter of a section 5 feet 


lower? When it is directed vertically upward, what is the diameter of a 
section .5 feet higher ? 


Art. 44. COEFFICIENT OF CONTRACTION 


The coefficient of contraction is the number by which the area 
of the orifice is to be multiplied in order to give the area of the 
section of the jet at a distance from the plane of the orifice of 
about one-half its diameter. Thus, if c, be the coefficient of con- 
traction, a the area of the orifice, and a’ the area of the contracted 
section of the jet, then Aisi (44) 


The coefficient of contraction for a standard orifice is evidently 
always less than unity. 

The only direct method of finding the value of ¢ is to measure 
by calipers the dimensions of the least cross-section of the jet. 
The size of the orifice can usually be determined with precision, 


* Engineering News, Sept. 27, 1906. 
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and with care almost an equal precision in measuring the jet. To 
find c, for a circular orifice let d and d’ be the diameters of the 
sections a and a’; then 
i AS GB 

Therefore the coefficient of contraction is the square of the ratio 
of the diameter of the jet to that of the orifice. The first meas- 
urements were made by Newton * who found the ratio of d’ to d 
to be 21/25, which gives for c, the value 0.73. The experiments of 
Bossut gave from 0.66 to 0.67; and Michelotti found from 0.57 
to 0.624 with a mean of 0.61. Eytelwein gave 0.64 as a mean 
value, and Weisbach mentions 0.63. 


The following mean value will be used in this book, and it 
should be kept in mind by the student: 


Coefficient of contraction c. = 0.62 


or, in other words, the minimum cross-section of the jet is 62 per- 
cent of that of the orifice. This value, however, undoubtedly 
varies for different forms of orifices and for the same orifice under 
different heads, but little is known regarding the extent of these 
variations or the laws that govern them. Probably ¢, is slightly 
smaller for circles than for squares, and smaller for squares than 
for rectangles, particularly if the height of the rectangle is long 
compared with its width. Probably also c¢, is larger for low 
heads than for high heads. 


Judd and King in 1906,} using a specially constructed pair of 
calipers,f found the following values for the coefficient of con- 
traction for standard orifices : 


Orifice diameter, inches, 0.75. 1.00 1. Ole 200m geo ko 
Coefficient of contraction, 0.6134 0.6115 0.6051 0.6082 0.5955 
Prob. 44. The diameter of a circular orifice is 1.995 inches. Three 


measurements of the diameter of the contracted section of the jet gave 1.55, 
1.56, and 1.59 inches. Find the mean coefficient of contraction. 


* Philosophie Naturalis Principia Mathematica, 1687, Book II, prop. 36. 
} Engineering News, Sept. 27, 1906. t Science, March 4, 1904. 
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Art. 45. COEFFICIENT OF VELOCITY 


The coefficient of velocity is the number by which the theoretic 
velocity of flow from the orifice is to be multiplied in order to give 
the actual velocity at the least cross-section of the jet. Thus, if 
c, be the coefficient of velocity, V the theoretic velocity due to the 
head on the center of the orifice, and v the actual velocity at the 
contracted section, then 

V=CV = oN 2gh (45) 
The coefficient of velocity must be less than unity, since the 
- force of gravity cannot generate a greater velocity than that due 
to the head. 


The velocity of flow at the contracted section of the jet cannot 
be directly measured. To obtain the value of the coefficient of 
velocity, indirect observations have been taken on the path of the 
jet. Referring to Art. 25, it will be seen that when a jet flows 
from an orifice in the vertical side of a vessel, it takes a path whose 
equation is y = gx?/2v’, in which x and y are the coordinates 
of any point of the path measured from vertical and horizontal 
axes, and v is the velocity at the origin. Now placing for v its 
value eV 2gh, and solving for c,, gives 


Gy = / 2 V hy 


Therefore c, becomes known by the measurement of the head h 
and the coordinates « andy. In making this experiment it would 
be well to have a ring, a little larger than the jet, supported by a 
stiff frame which can be moved until the jet passes through the 
ring. The flow of water can then be stopped, and the coordinates 
of the center of the ring determined. By placing the ring at 
different points of the path different sets of coordinates can be 
obtained. The value of « should be measured from the contracted 
section rather than from the orifice, since v is the velocity at the 
former point and not at the latter. 


By this method of the jet Bossut in two experiments found for 
the coefficient of velocity the values 0.974 and 0.980, Michelotti 
in three experiments obtained 0.993, 0.998, and 0.983, and Weis- 
bach deduced 0.978. Great precision cannot be obtained in these 
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determinations, nor indeed is it necessary for the purposes of 
hydraulic investigation that c, should be accurately known for 
standard orifices. As a mean value the following may be kept 


oe eencmOry: Coefficient of velocity c, = 0.98 


or, the actual velocity of flow at the contracted section is 98 per- 
cent of the theoretic velocity. The value of c, for the standard 
orifice is greater for high than for low heads, and may probably 
often exceed 0.99. > 

Another method of finding the coefficient c, is to place the 
orifice horizontal so that the jet will be directed vertically up- 
ward, as in Fig. 22. The height to which it rises is the velocity- 
head ho =v"/2g, in which v is the actual velocity ¢,V2gh. Accord- 
ingly, ho=ch, from which c, may be computed. For example 
if, under a head of 23 feet, a jet rises to a height of 22 feet, the 
coefficient of velocity is 

Go = Vho/h=V 22/23 =0.978 

This method, however, fails to give good results for high veloci- 
ties, owing to the resistance of the air, and moreover it is impossi- ° 
ble to measure with precision the height hp. 


For a vertical orifice Poncelet and Lesbros found, in 1828, 
that the coefficient c, was sometimes slightly greater than unity, 
and this was confirmed by Bazin in 1893. This is probably 
due to the fact that the head is greater for the lower part of the 
orifice than for the upper part, and hence / 2gh does not represent 
the true theoretic velocity. The same experimenters found no 
instance of a horizontal orifice where the coefficient exceeded unity. 


Since the coefficient of velocity is the ratio between the coefficient 
of discharge (Art. 46) and the coefficient of contraction, it may be 
computed from observations on these quantities. Thus Judd and 
King,* using the average of the coefficients of contraction shown 
in Art. 44 and the average of the coefficients of discharge shown in 
Art. 46, found the following: 


: ? coefficient of discharge _ 0.60664 
e€ f ] t => z = = 
sea ct Of velocity coefficient of contraction 0.60674 2.99983 


* Engineering News, Sept. 27, 1906, 
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By traversing the jets with a Pitot tube they also determined the co- 
efficient of velocity to be 0.99993 and showed that the velocity at 
_ the contracted area is uniform throughout its cross-section. From 
the results of these experiments they concluded that the coefficient 
of velocity is unity and hence adopted the term “frictionless orifice” 
as descriptive of the particular standard orifices used by them. 


Prob. 45. The range of a jet is 13.5 feet on a horizontal plane 2.82 feet 
below the orifice which is under a head of 14.38 feet. Compute the coeffi- 
cient of velocity. © - 


Art. 46. COEFFICIENT OF DISCHARGE 


The coefficient of discharge is the number by which the theo- 
retic discharge is to be multiplied in order to obtain the actual 
discharge. Thus, if c is the coefficient of discharge, Q the theo- 
retical, and g the actual discharge per second, then 

q=cQ (46): 
Here also the coefficient c is a number less than unity. , 

The coefficient of discharge can be accurately found by 
allowing the flow from an orifice to fall into a vessel of constant 
cross-section and measuring the heights of water by the hook gage 
(Art. 35). Thus g is known, and Q having been computed, 

| c=9/Q (46). 
For example, a circular orifice of 0.1 foot diameter was kept un- 
deraconstant head of 4.677 feet ; during 5 minutesand 323 seconds 
the jet flowed into a measuring vessel which was found to contain 
27.28 cubic feet. Here the actual discharge was 


g= 27.28/332.2 = 0.08212 cubic feet per second 


The theoretic discharge, from formula (30), is 
QO = 7 X0.05? X 8.02 V4.677 = 0.1361 cubic feet per second 
Then the coefficient of discharge is found to be 
¢ = 0.08212/0.1361 = 0.604 
In this manner thousands of experiments have been made upon 
different forms of orifices under different heads, for accurate 
knowledge regarding this coefficient is of great importance in 


practical hydraulic work. 
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The following articles contain values of the coefficient of 
discharge for different kinds of orifices, and it will be seen that 
in general c is greater for low heads than for high heads, greater 
for rectangles than for squares, and greater for squares than for 
circles. Its value ranges from 0.59 to 0.63 or higher, and as a 
mean to be kept in mind the following value may be stated : 

Coefficient of discharge c = 0.61 


or, the actual discharge from a standard orifice is, on the average, 
about 61 percent of the theoretic discharge. 

The coefficient c may be expressed in terms of the coefficients 
c,andc,. Leta and a’ be the areas of the orifice and the cross- 
section of the contracted jet, and Q and q the theoretic and actual 
discharge per second. Then, since a’/a=c:, 

DQ Cy VOR ew, 
Q avagh 4 


and therefore the coefficient of discharge is the product of the 
coefficients of contraction and velocity. 


Cy = CcCy 


The coefficient of discharge is of greater importance than the 
coefficients of contraction and velocity, since it is the quantity 
generally used in making measurements of water. Tabulations 
of its values for all practical cases are given below. 


Prob. 46. The diameter of a contracted circular jet was found to be 
0.79 inches, the diameter of the orifice being 1 inch. Under a head of 16 
feet the actual discharge per minute was found to be 6.42 cubic feet. Find 
the coefficient of velocity. 


Art. 47. CIRCULAR VERTICAL ORIFICES 


Let a circular orifice of diameter d be in the side of a vessel 
and let # be the head of water on its center, Then, from Art. 
22, the theoretic mean velocity is W2gh, and from Art. 30 the 


theoretic discharge is WIN TE, 


which applies when / is large compared with d. 


To deduce a more exact formula let the radius of the circle 
be r, and let an elementary strip be drawn at a distance y above 
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the center; the length of this is 
2VP—y?, its area is 2y Vr?—y?, and 
the head upon it is k—y. Then the 
theoretic discharge through this strip 


S89 = aby VF V2g(h 9) 


To integrate this (h— y)? is to be Fig. 47. 
expanded by the binomial formula. Then it may be written 


80 = 2-Vagh G ~s)§ - Cay _ CY 9" — ote, | by 
2 f 
Each term of this expression is now integrable, and taking the 
limits of y‘as +7 and —, the entire circle is covered, and Q is 
found. Finally, replacing r by 3d there results. 


Agee, _ — aL? _ sta {hy _ 
ae Veh 128 16384 etc, | 


which is the theoretic discharge from the circular orifice. 


It is plain that this formula gives values which are always 
less than those found from the approximate formula of the first 
paragraph. Thus for 4 =d the quantity in the parenthesis 
is 0.992.and for h = 2d it is 0.998. Hence the error in using the 
approximate formula is less than three-tenths of one percent 
when the head on the center of the orifice is greater than twice 
its diameter. 

For most cases, then, the actual discharge from a circular 
vertical orifice of area a may be computed from 


g= cr aV2gh = 8.02 ca Vh (47), 
in which c is the coefficient of discharge. When 4 is smaller 
than two or three times the diameter of the orifice, and when pre- 
cision is required, then 

g =[1 —0.007812(d/h)? — 0.000306(d/h)‘] 8.02 ca Vh (47)2 
is the formula to be used. Here a may be taken from Table F 


(Art. 205) for the given diameter expressed in feet, / is to be 
taken in feet, and then g will be in cubic feet per second. 


118 Chap. 5. Flow of Water through Orifices 


Table 47a gives values of ¢ for circular orifices as determined 
by Hamilton Smith in a discussion of all the best experiments.* 
They apply only to standard orifices with definite inner edges. 


TABLE 47a. COEFFICIENTS FOR CIRCULAR VERTICAL ORIFICES 


Diameter of Orifice in Feet 


The table shows that the coefficient of discharge decreases as 
the size of the orifice increases, and that in general it also de- 
creases as the head increases. In this table the coefficients 
found above the horizontal lines in the last three columns are 
to be used in the exact formula (47), and all others in the approxi- 
mate formula (47),. 


For example, let it be required to find the discharge through 
a standard circular orifice, 2 inches in diameter, under a head 
of 2.35 feet. First, 2 inches = 0.1667 feet, and by interpolation 
in Table 47a the coefficient ¢ is found to be 0.602. Next, from 
Table F at the end of this book, the area a is 0.02182 square 
feet. Then formula (47), gives the discharge ¢ as 0.161 cubic 
feet per second. As the coefficient is probably liable to an error 


* Hydraulics (London and New York, 1886), p. 50. 
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of one or two units in the last figure, the third figure of this value 
of g is subject to the same uncertainty. 


Judd and King™* determined in 1906 the following values of 
the coefficient of discharge for circular vertical orifices : 


Orifice diameter, inches 0.75 1.00 1.50 2.00 2.50 
Coefficient of discharge 0.611 0.6097 0.6085 0.6083 0.5956 


The heads under which the observations were made ranged from 
5 to go feet and the results showed no appreciable change in the 
coefficient of discharge due to increased head. For example 
the following are part of the results found for a 2-inch orifice : 


Head in feet = 5.00 9.08 17.79 BO.12 57-70 92.01 
Coefficient c = 0.6084 0.6083 0.6080 0.6082 0.6081 0.6080 


Biltonf in 1907 made a series of experiments on orifices, rang- 
ing from 0.025 to 0.75 inches in diameter and determined the 
following coefficients for varying heads. 


TABLE 475. COEFFICIENTS OF DISCHARGE FOR SMALL ORIFICES 


Diameter of Orifice in Inches 


Experiments made in 1908 by Strickland { on standard orifices 
rt and 2 inches in diameter gave results for the coefficient of dis- 
charge very closely represented by the formula 


¢ = 0.5925 + 0.018/hid? 


* Enginecring News, Sept. 27, 1906. 
} Proceedings Victorian Institute of Engineers, Australia, 1908. 
t Transactions Canadian Society of Civil Engineers, 1909, vol. 23, p- 198, 
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where f is in feet and d in inches. Applying this formula to an 
orifice 2 inches in diameter under a head of 19 feet, c is found to 
. e ° . ff 
be 0.5951 while the experiments indicated a value of 0.5947. $4 Bs 
Prob. 47. Compute the probable actual discharge from a circular orifice 
8 inches in diameter, under a head of 15 inches. 


Art. 48. SQUARE VERTICAL ORIFICES 


Tf the size of an orifice in the side of a vessel is small compared 
with the head, the theoretic velocity of the outflowing water may 
be taken as Vv 2gh, where / is the head on the center of the orifice. 
For a rectangular orifice under this condition the theoretic dis- 
charge is Q = bd V2gh 


_ where 0 is the width and d the depth of the orifice. When b 
is equal to d, the rectangle becomes a square. 


a rs ar To deduce a more exact formula, let 
bh | h, be the head on the upper edge of the 


he a orifice and f, that on the lower edge. 
tds es Consider an elementary strip of area 6 - dy 
at a depth y below the water level. The 


Pe velocity of flow through this elementary 
strip is V2gy, and the theoretic discharge per second through it is 


80 = bby Vagy 
Integrating this between the limits /. and fy, there results 
Q=3bV26(h)' — In?) 
_Mhich is the true theoretic discharge from the orifice. 


pA To ascertain the error caused by using the approximate for- 
mula, let 4 be the head on the center of the rectangle; then hy 
=h+73d and ie h-% a, Developing by the binomial formula 
the values of /,.” and h,*, the last formula becomes 


O = bd V2ghl x _ ih’ _ (afhy* _ ete 


and this shows that the discharge computed by using the approx- 
imate formula is always too great. For h= d, the quantity in 
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the parenthesis is 0.989, and for # = 2d, it is 0.997. Accordingly, 
the error of the approximate formula is only three-tenths of 
one percent when the head on the center of the rectangle is 
twice the depth of the orifice. 

For most cases, then, the actual discharge from a square 
vertical orifice may be very approximately found from 


g=c- BV 2gh = 8.02 cb? Vh (48), 
where 0 is the side of the square and c is the coefficient of dis- 


charge. When / is smaller than two or three times the side of the 
- orifice, and when precision is required, 


g = 5.347 b(n’ — In?) (48), 
is the formula to be used. The linear quantities are to be taken 
in feet, and then gq will be in cubic feet per second. 


Table 48 gives values of the coefficient c for standard square 
orifices, taken from a more extended one formed by Hamilton 


TABLE 48. COEFFICIENTS FOR SQUARE VERTICAL ORIFICES 


Side of the Square in Feet 


Smith in 1886 by the discussion of all the best experiments. 
It is seen that the coefficient decreases as the size of the orifice 
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increases and as the head increases. Comparing this table 
with Table 47a it is seen that the coefficient of discharge for a 
square is always slightly larger than that for a circle having a 
diameter equal to the side of the square. The values above the 
horizontal lines in the last three columns are to be used in the 
exact formula (48), when precision is required, and all other values 
in the approximate formula (48),. 


There are few recorded experiments on large square orifices. 
Ellis measured the discharge from a vertical orifice 2 feet square* 
and deduced the following coefficients for use in the approximate 
formula : 


for h= 2.07 feet, c=0.611 
for h= 3.05 feet, C =0.5907 
for h= 3.54 feet, c = 0.604 


which indicate that a mean value of 0.60 may be used for large 
square orifices under low heads. 


Prob. 48. Find from the table the coefficient for an orifice 3 inches square 
when the head on its center is 1.8 feet. 


Art. 49. RECTANGULAR VERTICAL ORIFICES 


The theoretic formulas of Art. 48 apply to rectangles of width 
6 and depth d, and the approximate formula for computing the 
actual discharge is es ae 
q = cbd V 2gh = 8.02 cbd Vh (49) 
in which c is the coefficient of discharge, 6 the width and d the 
depth of the rectangular orifice, and / the head on its center. 


Table 49 gives values of the coefficient c which have been 
compiled and rearranged from the discussion given by Fanning.t 
It is seen that the variation of c with the head follows the 
same law as for circles and squares. It is also seen that for a 
rectangle of constant breadth the coefficient increases as the 
depth decreases, from which it is to be inferred that for a rec- 
tangle of constant depth the coefficient increases with the breadth, 


* Transactions American Society of Civil Engineers, 1876, vol. s, Pp. 92. 
} Treatise on Water Supply Engineering (New York, 1888), p. 205. 
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TABLE 49, COEFFICIENTS FOR RECTANGULAR ORIFICES 


1 Foot WIDE 


Head Depth of Orifice in Feet 


in Feet 
050 0.75 


0.4 
0.6 2 .619 
0.8 
1.0 
Tas 
2.0 
2.5 
3.0 
4.0 
6.0 
8.0 
10.0 
20.0 


and this is confirmed by other experiments. The value of c for a 
rectangular orifice is seen to be only slightly larger than that for 
a square whose side is equal to the depth of the rectangle. All 
the coefficients in this table are for the above approximate for- 
mula, since that formula was used in computing them. 


A comparison of the values of c for the orifice one foot square 
with those in the last article shows that the two sets of coefficients 
disagree, these being about one percent greater. This is prob- 
ably due to the less precise character and smaller number of 
experiments from which they were deduced. 


Prob. 49. What constant head is required to discharge 5 cubic feet 
of water per second through an orifice 3 inches deep and 12 inches long? 


Art. 50. VELocITy OF APPROACH 


It was shown in Art. 24 that the theoretic velocity of flow from 
an orifice is greater then /2gh when the ratio of the cross-sec- 
tion of the orifice to that of the vessel or tank is not small. The 
same is true for the actual velocity, but formula (24), must be 
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modified because it takes no account of the contraction of the 
jet. Let v be the velocity at the contracted section of the jet 
and a’ the area of that section; let v, be the velocity through the 
horizontal cross-section A of the vessel; then a’7 = Avy. But 
if a be the area of the orifice and ¢, the coefficient of contraction, 
then a’ equals ac, and hence c.av= Avj. Now the effective 
head on the orifice is a 
H =h+— 
28 


and the velocity v is given by oV 2gH where © is the coefficient 
of velocity. Substituting in the last equation v?/2gc,” for H and 
cva/A for v1, and noting that cc. is equal to the coefficient of 
discharge c, it reduces to 
2gh 

=a] — (50)1 
which is the velocity of the jet at a section distant from the orifice 
about one-half its diameter. The discharge g is found by multi- 
plying this by the area c.a of that cross-section, whence 


C/A (G/Ay Gian? ee oi Glo? = ae jay a 


is the formula for the actual discharge, and this includes no 
coefficient except that of discharge. 


These formulas apply to orifices of any kind, and when c¢ 
equals unity, they reduce to the theoretic expressions established 
in Art.24. When a/A is less than 1/5, as is almost always the 
case in practice, the last formula may be written, with sufficient 


precision, q=(1-+3(ca/A)?)ca V 2gh (50)3 


For example, let a square tank, 4 X 4 feet in horizontal cross-sec- 
tion, have a standard square orifice one square foot in area, and 
let the head on its center be 16 feet. From Table 48 the coeffi- 
cient of discharge is 0.60, and the formula gives 


g =(1+0.0007) X 0.60 X 1 X 8.02 X 4 = 19.3 cubic feet per second 


For this case it is seen that the influence of velocity of approach 
is expressed by the addition of 0.0007 to unity, which is an in- 
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crease of less than one-tenth of one percent. In general the 
increase in discharge due to velocity of approach is expressed, 
when a/A is not greater than 1/5, by $ ca(a/A)?-V2gh. 


A common case is that where the vessel or tank is of large 
horizontal and small vertical cross-section, and where the water 
approaches the orifice with a horizontal velocity, as in a canal 
or conduit. Here let A be the area of the vertical cross-section 
of the vessel, a the area of the orifice, and / the head on its center. 
Then, if the head / be large compared with the depth of the orifice, 
_the same reasoning applies as in Art. 24, the theoretic velocity 
is given by (24), and the actual discharge by (50),. 


When the head / is not large, let #, and , be the heads on the 
upper and lower edges of the orifice, which is taken as rectangular 
and of the width 6. Let v be the 
velocity of approach, which is re- 
garded as uniform over the area A. 
Then by the same reasoning as 
that in Art. 24, the theoretic ve- 
locity in the plane of the orifice 
at the depth y below the water 
level is given by V? = 2gy + 0% 
The theoretic discharge through an elementary strip of the 
length 6 and the depth dy now is 


80 = (2gy +0)! by 


and, by integration between the limits / and /, the total theoretic 
discharge is found. If v?/2g be replaced by /, the head which 
would cause the velocity v, the theoretic discharge is 


O = 2b V2g [(ia+ ho)? — (In + hoo) '] (50); 


and the actual discharge g is found by multiplying this by a 
coefficient of discharge. When there is no velocity of approach, 
the formula reduces to that found in Art. 49 for this case. 


ELLE EEE 
Fig. 50. 


Prob. 50a. When 1 is a small quantity compared with unity, show 
that (x + n)t =1+4n,andthatr/(1 +”) =1—m. Deduce formula 
(50); from (50). 
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Prob. 50b. In the case of horizontal approach, as seen in Fig. 50, com- 
pute the discharge when b = 4 feet, ty = 0.8 feet, Ay = 0; 0 = 2.5 feet per 
second, and ¢ = 0.6. 10,5 


Art. 51. SUBMERGED ORIFICES 


It is shown in Art. 23 that the effective head # which causes 
the flow from a submerged orifice is the difference in level be- 
tween the two water surfaces. The discharge from such an orifice, 
its inner edge being a sharp definite one, as in Fig. 48a, has been 
found by experiment to be slightly less than when the flow oc- 
curs freely into the air, and hence the values of the coefficients 
of discharge are slightly smaller than those given in Tables 47a, 
476, 48,49. For large orifices and large heads the difference is very 
small, and for orifices one inch square under six inches head it is 
about 2 percent. In all cases of submerged orifices the discharge 
is to be found from g = ca V2gh. 


Table 51 gives values of the coefficient of discharge for sub- 
merged orifices as determined from experiments made by Hamil- 
ton Smith in 1884. The depth of submergence of the orifices 
varied from 0.57 to 0.73 foot. Asamean value of the coefficient 
of discharge for standard submerged orifices 0.6 is frequently 
used. 

TABLE 51. COEFFICIENTS FOR SUBMERGED ORIFICES 


Size of Orifice in Feet 


Effective 
Head in 

Feet i a Circle Rectangle 
o.1 A 0.05 X 0.3 


0.603 : 0.623 
.602 : .622 
.600 K 621 
-599 . .620 
.598 : 619 
598 ‘ .618 
598 


The theoretic discharge from a submerged orifice is the same 
for the same effective head 4, whatever be its distance below water 
level, The theoretic velocity in all parts of the orifice is the 
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same, as may be proved from Fig. 51, where the triangles ACD 
and BCE represent the distribution of pressure on AC and BC 
~ when the orifice is closed (Art. 17). Mak- 
ing CF equal to CE and drawing BF, the 
unit-pressure on BC is seen to have the 
constant value DF. Now when the orifice 
is opened, the velocity at any point de- 
pends on the unit-pressure there acting 
as seen by (23),, and accordingly the the- 
oretic velocity is uniform over the section. 
' For this reason the coefficients of discharge probably vary less 
with the head than for the previous cases. 


Fig. 51. 


Submerged orifices are used for canal-locks, tide-gates, filter- 
beds, for the discharge of waste water through dams, and for the 
admission of water from a canal to a power-plant. The inner 
edges of such orifices are usually rounded, and the coefficient of 
discharge may then be higher than 0.9 (Art. 53). 

Prob. 51. An orifice one inch square in a gate, such as shown in Fig. 19a, 


is 4.1 feet below the higher water level and 3.1 feet below the lower level. 
Compute the discharge in cubic feet per second, and also in gallons per minute. 


Art. 52. SUPPRESSION OF THE CONTRACTION 


When a vertical orifice has its lower edge at the bottom of 
the reservoir, as shown at A in Fig. 52, the particles of water 
flowing through its lower portion move in 
lines nearly perpendicular to the plane of the 
orifice, or the contraction of the jet does not 
form on the lower side. This is called a case 
= = of suppressed or incomplete contraction. The 
Fig. 52- same thing occurs, but in a lesser degree, when 
the lower edge of the orifice is near the bottom, as shown at B. 
In like manner, if an orifice be placed so that one of its vertical 
edges is at or near a side of the reservoir, as at C, the contrac- 
tion of the jet is suppressed upon one side, and if it be placed 
at the lower corner of the reservoir suppression occurs both upon 
one side and the lower part of the jet. 
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The effect of suppressing the contraction is, of course, to in- 
crease the cross-section of the jet at the place where full contrac- 
tion would otherwise occur, and it is found by experiment 
that the discharge is likewise increased. Experiments also show 
that more or less suppression of the contraction will occur unless 
each edge of the orifice is at a distance at least equal to three times 
its least diameter from the sides or bottom of the reservoir. 


The experiments of Lesbros and Bidone furnish the means 
of estimating the increased discharge caused by suppression of the 
contraction. They indicate that for square orifices with con- 
traction suppressed on one side the coefficient of discharge is 
increased about 3.5 percent, and with contraction suppressed 
on two sides about 7.5 percent. For a rectangular orifice 
with the contraction suppressed on the bottom edge the per- 
centages are larger, being about 6 or 7 percent when the length 
of the rectangle is four times its height, and from 8 to 12 percent 
when the length is twenty times the height. The percentage 
of increase, moreover, varies with the head, the lowest heads 
giving the lowest percentages. 


It is apparent that suppression of the contraction should be avoided 
if accurate results are desired. The experiments from which the above 
conclusions are deduced were made upon small orifices with heads 
less than 6 feet, and it is not known how they will apply to large ori- 
fices under high heads. For a rectangular orifice of length about 
three times its height, with contraction suppressed on the ends and 
bottom, the coefficient of discharge is probably about 0.75. 


Prob. 52. Compute the probable discharge from a vertical orifice one 
foot square when the head on its upper edge is 4 feet, the contraction being 
suppressed on the lower edge. Compute the discharge for the same data 
when contraction is suppressed on all sides. 


Art. 538. ORIFICES witH ROUNDED EpcEs 


When the inner edge of the orifice is made rounded, as shown 
in Fig. 53, the contraction of the jet is modified, and the dis- 
charge is increased. With a slight degree of rounding, as at 
A, a partial contraction occurs; but with a more complete round- 
ing, as at C, the particles of water issue perpendicular to the plane 
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of the orifice and there is no contrac- 
tion of the jet. If @ be the area of i 2 | 
the least cross-section of the orifice, \\\ 
and a’ that of the jet, the coefficient SSS SS | SS 


= ye 

of contraction as defined in Art. 44 is if i) H( 

‘ ] B C 
6 aes 53) | | : 


For a standard orifice with sharp inner IEE 

edges (Art. 43) the mean value of c, is 0.62, but for an orifice 
with rounded edges c, may have any value between 0.62 and 1.0] 
depending upon the degree of rounding. 


The coefficient of discharge c for standard orifices has a mean 
value of about 0.61 ; this is increased with rounded edges and may 
have any value between 0.61 and 1.0. A rounded interior edge 
in an orifice is therefore always a source of error when the object 
of the orifice is the measurement of the discharge. If a contract 
provides that water shall be gaged by standard orifices, care should 
always be taken that the interior edges do not become rounded 
either by accident or by design. 


Prob. 538. When an orifice with rounded edges has a coefficient of 
velocity of 0.88 and a coefficient of discharge of 0.75, find the coefficient of 
contraction of the jet. 


Art. 54. Water MEASUREMENT BY ORIFICES 


In order that water may be accurately measured by the use 
of orifices many precautions must be taken, some of which have 
already been noted, but may here be briefly recapitulated. The 
area of the orifice should be small compared with the size of the 
reservoir in order that velocity of approach may not exist, or 
if this cannot be avoided, it should be taken into account by for- 
mula (50);. The inner edge of the orifice must have a definite 
right-angled corner, and its dimensions are to be accurately 
determined. If the orifice be in wood, care should be taken that 
the inner surface be smooth, and that it be kept free from the 
slime which often accompanies the flow of water, even when appar- 
ently clear. That no suppression of the contraction may occur, 
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the edges of the orifice should not be nearer than three times its 
least dimension to a side of the reservoir. 


Orifices under very low heads should be avoided, because 
slight variations in the head produce relatively large errors, and 
also because the coefficients of discharge vary more rapidly 
and are probably not so well determined as for cases where the 
head is greater than four times the depth. If the head be very 
low on an orifice, vortices will form which render any estimation 
of the discharge unreliable. 


The measurement of the head, if required with precision, 
must be made with the hook gage described in Art. 25, aor 
heads greater than two or three feet the readings of an ordinary 
glass gage placed upon the outside of the reservoir will usually 
prove sufficient, as this can be read to hundredths of a foot with 
accuracy. An error of o.or foot when the head is 3.00 feet 
produces an error in the computed discharge of less than two- 
tenths of one per cent; for, the discharges being proportional 
to the square roots of the heads, the square root of 3.01 divided 
by the square root of 3.00 equals 1.0017. For the rude measure- 
ments in connection with the miner’s inch a common foot-rule 
will usually suffice. 


The effect of temperature upon the discharge remains to 
be noticed ; this is only appreciable with small orifices and under 
low heads and hence such orifices and heads are not desirable 
in precise measurements. Unwin found that the discharge was 
diminished one percent by a rise of 144° in temperature; his 
orifice was a circle 0.033 feet in diameter under heads ranging 
from 1.0 to 1.5 feet. Hamilton Smith found that the discharge 
was diminished one percent by a rise of 55° in temperature; his 
orifice was a circle 0.02 feet in diameter under heads ranging 
from 0.56 to 3.2 feet. 


The coefficients given in the tables of this chapter may be supposed 
liable to a probable error of about two units in the third decimal place: 
thus a coefficient 0.615 should really be written 0.615 + 0.002; that is, 
the actual value is as likely to be between 0.613 and 0.617 as to be 
outside of those limits. The probable error in computed discharges 
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due to the coefficient is hence nearly one-half of one percent. To 
this are added the errors due to inaccuracy of observation, so that it 
_ is thought that the probable error of careful work with standard cir- 
cular orifices is at least one percent. The computed discharges are 
hence liable to error in the third significant figure, so that it is useless 
to carry numerical results beyond three figures when based upon tabu- 
lar coefficients. As a precise method of measuring small quantities 
of water, standard-orifices take a high rank when the observations are 
conducted with care. 


Prob. 54. If e is a small error in measuring the head h, show that the 
_ error in the computed discharge g due to this cause is ge/2h. 


Art. 55. THe MINER’s INCH 


The miner’s inch may be roughly defined to be the quantity 
of water which will flow from a vertical standard orifice one inch 
square, when the head on the center of the orifice is 63 inches. 
From Table 48 the coefficient of discharge is seen to be about 
0.623 and accordingly the actual discharge from the orifice in 
cubic feet per second is g = 74q X 0.623 X 8.02 V6.5/12 = 0.0255 
and the discharge in one minute is 60 X0.255 = 1.53 cubic 
feet. The mean value of one miner’s inch is therefore about 
1.5 cubic feet per minute. 


The actual value of the miner’s inch, however, differs con- 
siderably in different localities. Bowie states that in different 
counties of California it ranges from 1.20 to 1.76 cubic feet per 
minute.* The reason for these variations is due to the fact that 
when water is bought for mining or irrigating purposes, a much 
larger quantity than one miner’s inch is required, and hence larger 
orifices than one square inch are needed. Thus at Smartsville 
a vertical orifice or module 4 inches deep and 250 inches long, with 
a head of 7 inches above the top edge, is said to furnish 1000 
miner’s inches. Again, at Columbia Hill, 2 module 12 inches 
deep and 12% inches wide, with a head of 6 inches above the upper 
edge, is said to furnish 200 miner’s inches. In Montana the cus- 
tomary method of measurement is through a vertical rectangle, 


* Treatise on Hydraulic Mining (New York, 1885), p. 268. 
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1 inch deep, with a head on the center of the orifice of 4 inches, 
and the number of miner’s inches is said to be the same as the 
number of linear inches in the rectangle; thus under the given 
head an orifice r inch deep and 60 inches long would furnish 
60 miner’s inches. The discharge of this is said to be about 
1.25 cubic feet per minute, or 75 cubic feet per hour. 


The following are the values of the miner’s inch in different 
parts of the United States; in California and Montana it is es- 
tablished by law that 4o miner’s inches shall be the equivalent 
of one cubic foot per second, and in Colorado 38.4 miner’s inches 
is the equivalent. In other States and Territories there is no 
legal value, but by common agreement 50 miner’s inches is 
the equivalent of one cubic foot per second in Arizona, Idaho, 
Nevada, and Utah; this makes the miner’s inch equal to 1.2 
cubic feet per minute. 


A module is an orifice which is used in selling water, and which 
under a constant head is to furnish a given number of miner’s 
inches, or a given quantity per second. The size and proportions 
of modules vary greatly in different localities, but in all cases the 
important feature to be observed is that the head should be main- 
tained nearly constant in order that the consumer may receive 
the amount of water for which he bargains, and no more. 


The simplest method of maintaining a constant head is by 
placing the module in a chamber which is provided with a gate 
that regulates the entrance of water from the main reservoir 
or canal. This gate is raised or lowered by an inspector once 
or twice a day so as to keep the surface of the water in the 
chamber at a given mark. This plan is a costly one, on account 
of the wages of the inspector, except in works where many modules 
are used and where a daily inspection is necessary in any event, 
and it is not well adapted to cases where there are frequent and 
considerable fluctuations in the water surface of the feeding canal. 


Numerous methods have been devised to secure a constant head 
by automatic appliances; for instance, the gate which admits water 
into the chamber may be made to rise and fall by means of a float 
upon the surface; the module itself may be made to decrease in size 


é 
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when the water rises, and to increase when it falls, by a gate or by 
a tapering plug which moves in and out and sees motion is con- 
trolled by a float. In another variety the head on an orifice is kept 
constant by placing it in the side of a vessel which is movable and 
whose vertical movement is proportional to the rise or fall of the water 
in the feeding channel or reservoir. These self-acting contrivances, 
however, are liable to get out of order, and require to be inspected 
more or less frequently.* Another method is to have the water flow 
over the crest of a weir as soon as it reaches a certain height. 
The use of the miner’s inch, or of a module, as a standard for sell- 
ing water, is awkward and confusing, and for the sake of uniformity 
it is greatly to be desired that water should always be bought and sold 
by the cubic foot per second. Only in this way can comparisons readily 
be made, and the consumer be sure of obtaining exact value for his 
money. 
Prob. 55. When a miner’s inch is 1.57 cubic feet per minute, how many 
miner’s inches will be furnished by a module 2 inches deep and 50 inches long 
with a head of 6 inches above the upper edge? 


Art. 56. Loss oF ENERGY OR HEAD 


A jet of water flowing from an orifice possesses by virtue of 
its velocity a certain kinetic energy, which is always less than the 
theoretic potential energy due,to the head (Art. 26). Let % be 
the head and W the weight of, water discharged per second, then 
the theoretic energy per second or the power of the jet, is 


K=Wh 


Let v be the actual velocity of the water at the contracted section 
of the jet; then the actual energy per second of the water as it 
passes that section is p,pop.y? /2g 


Now let c, be the coefficient of velocity (Art. 45); then 
y?=¢,/ -2gh 
and accordingly the actual energy of the jet per second is 


k=c,Wh 


* For descriptions of several, see Engineering News, Dec. 17, 1908. 
} Foote, Transactions American Society Civil Engineers, 1887, vol. 16, p. 134. 
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The efficiency of the jet, or the ratio of the actual to the theoretic 
energy, now is e=h/K = Gr (56) 


which is a number always less than unity. 

For the standard orifice the mean value of ¢,is 0.98, and hence 
a mean value of ¢,2is 0.96. The actual energy of a jet from such 
an orifice is hence about 96 percent of the theoretic energy, and 
the loss of energy is about 4 percent. This loss is due to the 
frictional resistance of the edges of the orifice, whereby the energy 
of pressure or velocity is changed into heat. 


In the plane of the standard orifice the velocity is slower than 
at the contracted section since the area there is greater. If 
v, be this velocity, a the area of the orifice, and a’ that of the jet 
at the contracted section, it is clear that avi=a’v or V1=C., 
where c; is the coefficient of contraction 0.62. The kinetic energy 
in the plane of the orifice is W - v,2/2g, of 0.37 Wv/2 g, or 0.37 Wh. 
Thus, in the plane of the orifice 4 percent of the theoretic energy 
is lost overcoming friction, 37 percent is in the form of kinetic 
energy, and the remaining 59 percent exists in the form of 
pressure energy. This 59 percent is transformed into kinetic 
energy when the water has reached the contracted section. 


In hydraulics the terms “energy” and “head” are often used 
as synonymous, although really energy is proportional to head. 
Thus the pressure-head that causes the flow is # and the velocity- 
head of the issuing jet is v?/2g, and these are proportional to the 
theoretic and effective energies. The lost head h’ is the differ- 
ence of these, or 2 

h=h—-> 
28 
and this applies not only to an orifice but to any tube or pipe. 
Inserting for v? its value, this becomes 


h’=(1-©6,)h 


which gives the lost head in terms of the total head. Inserting 
for hits value in terms of v reduces this to 
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which gives the lost head in terms of the velocity-head. Thus, 
for an orifice whose coefficient of velocity is 0.97 the lost head 
h’ is 0.060 h or 0.063 v?/2g. For the standard orifice the lost. 
head h’ is 0.040 h or 0.041 v?/2g. For the standard orifice h’ can 
also be expressed as 0.11 2,°/2g, where 2, is the velocity in the - 
plane of the orifice. 


Prob. 56. What is the loss of head in an orifice whose coefficient of 
velocity is unity ? 


ArT. 57. DISCHARGE UNDER A DROPPING HEAD 


If a vessel or reservoir receives no inflow of water while an 
orifice is open, the head drops and the discharge decreases in 
each successive second. Let H be the head on the orifice at a 
certain instant, and / the head ¢ seconds later; let A be the area 
of the uniform horizontal cross-section of the vessel, and a the 
area of the orifice. Then, the theoretic time ¢ is given by the 
second formula in Art.32. To determine the actual time 
the coefficient of discharge must be introduced. Referring to 
the demonstration, it is seen that a WV 2gy- 6 is the theoretic dis- 
charge in the time &; hence the actual discharge is ¢ ° a WV 2gy6t, 
and accordingly a in the above-mentioned formula is to be re- 
placed by ca, or ea 


(Vii- Vi) 
ca V 2g (57): 
is the practical formula for the time in which the water level 
drops from H toh. In using this formula c is to be taken from 
the tables of this chapter, an average value being selected cor- 
responding to the average head. 


Experiments have been made to determine the value of c by 
the help of this formula; the liquid being allowed to flow, A, 
a, H, h, and t being observed, whence ¢ is computed. In this 
way c for mercury has been found to be about 0.62.* Only ap- 
proximate mean values can be found in this manner, since ¢ 
varies with the head, particularly for small orifices (Art. 47). 
For a large orifice the time of descent is usually so small that it 


* Downing’s Elements of Practical Hydraulics (London, 1875), Pp. 187. 
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cannot be noted with precision, and the friction of the liquid on 
the sides of the vessel may also introduce an element of uncer- 
tainty. _ Turther, when / is small, a vortex forms which renders 
the formula unreliable. This experiment has therefore little 
value except as illustrating and confirming the truth of the theo- 
retic formulas. 

The discharge in one second when the head is H at the be- 
ginning of that second is found as follows: the above equation 
may be written in the form 


VH — tcaV2g/2A = Vh 


By squaring both members, transposing, and multiplying by 
A, this may be reduced to 


A (H —h) = tca V 2g (WH — tea V 2/4 A) 


But the first member of this equation is the quantity discharged 
in éseconds; therefore the discharge in the first second is 


g = ca V2g(VH —caV2g/4 A) 


If A =o, this becomes ca V2gh, which should be the case, for 
then H would remain constant. At the end of the first second 
the water level has fallen the amount ¢/A, so that the head at 
the beginning of the second second is H—q/A. 


For example, let an orifice one foot square in a reservoir 
of ro square feet section be under a head of 9 feet, and c = 0.602. 
Then the discharge in one second is 13.9 cubic feet, and the head 
drops to 7.61 feet. The discharge in the next second is 12.7 
cubic feet, and the head drops to 6.34 feet. A 

Prob. 57. Find the time required to discharge 480 gallons of water from 


an orifice 2 inches in diameter at 8 feet below the water level when the cross- 
section of the tank is 4 x 4 feet. 


Art. 58. EmptyiInc AND Fiitinc A CANAL Lock 


A canal lock is emptied by opening one or more orifices in the 
lower gates. Let a be their area and H the head of water on 
them when the lock is full; let A be the area of the horizontal 
cross-section of the lock. Then in the first formula of the last 


> mad 


ef 
3 
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article h = o, and the time of emptying the lock is 
= 2A VH/caV 2g (58) 


If the discharge be free into the air, H is the distance from the 
center of the orifice to the level of the water in the lock when 
filled ; but if, as is usually the case, the orifices be below the level 
of the water in the tail bay, H is the difference in height between 
the two water levels. The tail bay is regarded as so large com- 
pared with the lock that its water level remains constant during 
the time of emptying. 


For example, let it be required to find the time of emptying 
a canal lock 80 feet long and 20 feet wide through two orifices 
each of 4 square feet area, the head upon which is 16 feet when the 
lock is filled. Using for c the value 0.6 for orifices with square 
inner edges, the formula gives 


pea 80.20% 4 


0.6 X8 X 8.02 = 333'seconds = 53 minutes 


If, however, the circumstances be such that ¢ is 0.8, the time is 
about 250 seconds, or 4§ minutes. It is therefore seen that it 
is important to arrange the orifices of discharge in canal locks 
with rounded inner edges. 


The filling of the lock is the reverse operation. Here the water 
in the head bay remains at a constant level, and the discharge 
through the orifices in the 
upper gates decreases with 
the rising head in the lock. 
Let H be the effective head 
on the orifices when the 
lock is empty, and y the 
effective head at any time 
t after the beginning of the 
discharge. The area of the 
section of the lock being 
A, the quantity Ay is discharged in the time 8t, and this is equal 
to ca V 2gy &t, if a be the area of the orifices and c the coefficient 
of discharge. Hence the same expression as (58) results, and the 
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times of filling and emptying a lock are equal if the orifices are 
of the same dimensions and under the same heads. The area 
required for the orifices may be found for any case from (58) 
when A, H, ¢, and ¢ are given. 

Prob. 58. A lock 90 feet long and 20 feet wide, with a lift of 12 feet, 
contains a boat weighing soo net tons. When the lock is emptied in order 
to lower the boat, how much water flows from the lower orifices? If the 
cross-section of these orifices is 12.3 square feet and c =:0.7, what is the time 
of emptying? 


Art. 59. CompuTATIONS IN Metric MEASURES 


Most of the formulas of this chapter are rational and may be used 
in all systems of measures. The coefficients of contraction, velocity, 
and discharge are abstract numbers, which are the same in all sys- 
tems, like the constants of mathematics. In the metric system the 
area a is to be taken in square meters, the head / in meters, V 2g 
as 4.427, and then the discharge q will be in cubic meters per second. 


(Art. 47) For standard circular vertical orifices the formulas 
(47), and (47). apply to the metric system if 8.02 be replaced by 4.427. 
In using these the coefficient c may be taken from Table 59a which 
has been adapted to metric arguments from Table 47. For example, if 


TABLE 59a. COEFFICIENTS FOR CIRCULAR VERTICAL ORIFICES 


Arguments in Metric Measures 


Head Diameter of Orifice in Centimeters 


h 
in Meters 
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the diameter of the orifice is 2.5 centimeters and the head on its center 
is 0.6 meters, interpolation in the table gives the value of c as 0.606. 


(Art. 48) For standard square vertical orifices the formulas 
(48), and (48). are changed to the metric system by substituting 4.427 
for 8.02 and 2.951 for 5.347. Table 598 gives values of the coefficient 
c for arguments in metric measures. 


TABLE 59). COEFFICIENTS FOR SQUARE VERTICAL ORIFICES 


Arguments in Metric Measures 


Risa Side of the Square in Centimeters 


h 
in Meters 


(Art. 49) Table 49 has not been transformed into one with metric 
arguments, as it applies only to the special case where the rectangular 
orifice is one foot wide. If the heads in the first column are changed 
into meters, by writing o.12 meters for 0.4 feet, 0.18 meters for 0.6 
feet, etc., and the numbers at the top are changed into centimeters 
by writing 3.8 centimeters for 0.125 feet, 7.6 centimeters for 0.25 feet, 
etc., the table will be ready for use with metric arguments for rec- 
tangular orifices 30.5 centimeters wide. 

(Art. 55) The miner’s inch, when the head on the center of the 
orifice is 16.5 centimeters, is 0.0433 cubic meters or 43.3 liters per 
minute. 

(Art. 58) In using (58) in the metric system, a and A are to be 
taken in square meters, H in meters, g as 9.80 meters per second 
per second, and Vag as 4.427; ¢ will then be found in cubic meters. 


Prob. 59a. Michelotti found the range of a jet to be 6.25 meters on 
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a horizontal plane 1.41 meters below the vertical orifice, which was under a 
head of 7.19 meters. Compute the coefficient of velocity. 

Prob. 596. An orifice 3 centimeters square was under a constant head 
of 4 meters, and during 230 seconds the jet flowed into a tank which was found 
to contain 1122 liters. Show that the coefficient of discharge was 0.612. 

Prob. 59c. Find from the table the coefficient of discharge for a standard 
circular orifice 2.5 centimeters in diameter under a head of 2.5 meters. 

Prob. 59d. Compute the discharge through a standard orifice 7.5 
centimeters square under a head of 8 meters. 

Prob. 59e. Compute the time required to empty a canal lock 7 meters 
wide and 32 meters long through an orifice of 0.9 square meters area, the head 
on the center of the orifice being 5.1 meters when the lock is filled. 
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CHAPTER 6 
FLOW OF WATER OVER WEIRS 


ArT. 60. STANDARD WEIRS 


A weir is a notch in the top of the vertical side of a vessel or 
reservoir through which water flows. The notch is generally 
rectangular, and the word “weir” will be used to designate a 
rectangular notch unless otherwise specified, the lower edge of 
the rectangle being truly horizontal, and its sides vertical. The 
lower edge of the rectangle is called the “crest” of the weir. In 


Fig. 60c. Fig. 600. 


Fig. 60a is shown the outline of the most usual form, where the 
vertical edges of the notch are sufficiently removed from the 
sides of the reservoir or feeding canal, so that the sides of the 
stream may be fully contracted; this is called a weir with end 
contractions. In the form of Fig. 600 the edges of the notch are 
coincident with the sides of the feeding canal, so that the filaments 
of water along the sides pass over without being deflected from 
the vertical planes in which they move; this is called a weir with- 
out end contractions, or with end contractions suppressed. Both 
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kinds of weirs are extensively used for the measurement of water 
in engineering operations. 

It is necessary in order to make accurate measurements of 
discharge by a weir that the same precaution should be taken as 
for orifices (Art. 54), namely, that the inner edge of the notch 
shall be a definite angular corner so that the 
water in flowing out may touch ‘the crest 
only in a line, thus insuring complete con- 
traction, as in Fig. 61. In precise observa- 
: tions a thin metal plate will be used for a 

Bis 6 0c. crest, while in common work it may be 
sufficient to have the crest formed by a plank of smooth hard 
wood with its inner corner cut to a sharp right angle and its outer 
edge beveled. The vertical edges of the weir should be made in 
the same manner for weirs with end contractions, while for those 
without end contractions the sides of the feeding canal should be 
smooth and be prolonged a slight distance beyond the crest. It 
is also necessary to observe the same precautions as for orifices 
to prevent the suppression of the contraction (Art. 52), namely, 
that the distance from the crest of the weir to the bottom of the 
feeding canal, or reservoir, should be greater than three times the 
head of water on the crest. For a weir with end contractions a 
similar distance should exist between the vertical edges of the 
weir and the sides of the feeding canal. A standard weir is one 
in which these arrangements have been carefully carried out. 


The head of water H upon the crest of a weir is usually much 
less than the breadth of the crest }. The value of H should not 
be less than o.1 feet, and it should not exceed 4.5 feet in order 
to keep within the range of experiments on the standard weir. 
The least value of } in practice is about 0.5 feet, and it does not 
often exceed 20 feet. Weirs are extensively used for measuring 
the discharge of small streams, and for determining the quantity 
of water supplied to hydraulic motors; the practical importance 
of the subject is so great that numerous experiments have been 
made to ascertain the laws of flow, and the coefficients of discharge. 


Since the head on the crest of a weir is small, it must be deter- 
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mined with precision in order to avoid error in the computed dis- 
charge. The hook gage illustrated in Art. 35 is generally used 
_ for accurate work in connection with hydraulic motors, and the 
simpler form, consisting of a hook set into a leveling rod, is usually 
of sufficient precision for many cases. For rough. gagings of 
streams the heads may be determined by setting a post a few feet 
upstream from the weir and on the same level as the crest, and 
measuring the depth of the water over the top of the post by a 
scale graduated to tenths and hundredths of a foot, the thou- 
sandths being either estimated or omitted entirely. 


The head H on the crest of the weir is in all cases to be meas- 
ured several feet upstream from the crest, as indicated in Fig. 
60c. This is necessary because of the curve taken by the surface 
of the water in approaching the weir. The distance to which 
this curve extends back from the crest of the weir depends upon 
many circumstances (Art. 70), but it is generally considered that 
perfectly level water will be found at 2 or 3 feet back of the crest 
for small weirs, and at 6 or 8 feet for very large weirs. It is de- 
sirable that the hook should be placed at least one foot from the 
sides of the feeding canal, if possible. As this is apt to render the 
position of the observer uncomfortable, some experimenters have 
placed the hook in a pail a few feet away from the canal, the water 
being led to the pail by a pipe which joins the feeding canal sev- 
eral feet back from the crest, and the water should enter this pipe, 
not at its end, but through a number of holes drilled at inter- 
vals along its circumference. Piezometers (Art. 36) consisting 
of a glass tube and scale are also sometimes used for large heads, 
the water being led to the tube by such a pipe. A rough method 
of measuring the head is to hold a common foot rule on a post set 
with its top on the same level as the crest and upstream from it. 


In a case where it is desired to obtain the highest degree of 
accuracy care should be taken to reproduce as nearly as possible 
the conditions which obtained under the experiments from which 
the coefficients to be used were obtained. This is particularly 
true of the manner in which the head is to be measured. Thus 
Poncelet and Lesbros, whose experimental results have been 


- 
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recomputed by Hamilton Smith, measured the head in a reservoir 
11.48 feet upstream from the weir. Francis * in some of his 
experiments measured the head with a hook gage in a wooden 
stilling box, having a hole one inch in diameter in its bottom which 
was placed at a level of about four inches below the crest of the 
weir and about 6 feet upstream from it. Fteley and Stearns f 
measured the head with a hook gage in a pail placed below the 
weir, the pail being connected to the channel above the weir at 
a point 6 feet upstream from the crest. Bazin { in his work on 
standard thin-edged weirs measured the head in pits 16.40 feet 
upstream from the weir. One pit was placed on each side of the 
channel of approach and connected with it through an opening 
4 inches in diameter, the opening being exactly flush and at right 
angles to the channel. 


A valuable discussion by Horton,§ in which he tabulates the 
results of many experiments made on weirs up to 1907, is strongly 
recommended for reference. 


In cases where the flow of water to be measured is constant it is 
best that a number of observations of the head on the measuring weir 
should be taken and their mean used in computing the quantity. 
In most practical cases, however, the flow is constantly fluctuating, 
and, in order that the total quantity may be accurately determined, 
observations at frequent intervals must be taken. It may be best 
in some cases, for convenience or where a high degree of refinement 
is required, to install an instrument such as that described in Art. 34 
for automatically and continuously recording the head. Where such 
a record has been obtained, it will not do to simply average the heads 
and use the resulting figure in the formula for the discharge. Since 
the discharges vary with the three-halves power of the head, it is 
necessary to compute them for various instants which are so selected 
that the computed discharges can be fairly averaged before multiply- 
ing by the total time between the beginning and end of the tests in 
order to obtain the total quantity which has passed over the weir. 
No definite rules can be laid down for this procedure, but every case 


* Lowell Hydraulic Experiments (4th edition, New York, 1883). 

} Transactions American Society of Civil Engineers, vol. 12. 

t Translated in Proceedings of Engineers Club, Philadelphia, vols. 7, 9, ro. 
§ Water Supply and Irrigation Paper No. 200, U. S. Geological Survey. 
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‘should be studied and a plan be adopted which will give the results 
_ desired with the required degree of accuracy. 


Prob. 60. The trough of a weir, several feet back from the crest, is 
6 feet wide, and the depth of water in it is 1.96 feet. What is the mean 
velocity in this trough when the flow over the weir is 4.24 cubic feet per 
second ? 


ArT. 61. Formutas For DISCHARGE 


Referring to the demonstration of Art. 48 it is seen that a 
rectangular orifice becomes a weir when the head on its top is 
zero. Let 6 be the breadth of the notch, commonly called the 
length of the crest, and H the head of water on the crest. Then 
replacing /, by o and #, by H, the theoretic discharge per second is 

Q=3V2¢- 6H? (61); 
The head # is not the depth measured in the vertical plane of the 
crest, for since the deduction of the formula assumes nothing re- 
garding the fall due to the surface curve, and regards the velocity 
at any point vertically over the crest as due to the head 
upon that point below the free water surface, it seems that H 
should be measured with reference to that surface, as is actually 
done by the hook gage. The above formula then gives the 
theoretic discharge per second, provided that there be no velocity 
at the point where H is measured, which can only be the case 
when the area of the weir opening is very small compared to that 
of the cross-section of the feeding canal. This condition would 
be fulfilled for a rectangular notch at the side of a large pond. 


When there is an appreciable velocity of approach of the water 
at the point where H is measured by the hook gage, the above 
formula must be modified. Let v be 
the mean velocity in the feeding canal 
at this section; this velocity may be 
regarded as due to a fall, #, from the 
surface of still water at some distance 
upstream from the hook, as shown in 
Fig. 61. Now the true head on the crest of the weir is H +h, 
since this would have been the reading of the hook gage had it 
been placed where the water had no velocity. Hence the theo- 


Fig. 61. 
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retic discharge per second over the weir is 
Q=2V2g-b(H+h)' 


in which H is read by the hook and h is to be determined from 
the mean velocity 2. 


The actual discharge is always less than the theoretic dis- 
charge, due to the contraction of the stream and the resistances 
of the edges of the weir. To take account of these a coefficient 
is applied to the theoretic formulas in the same manner as for 
orifices; these coefficients being determined by experiment, the 
formulas may then be used for computing the actual discharge. 
It was also proposed by Hamilton Smith to modify the head 4, 
owing to the fact that the velocity of approach is not constant 
throughout the section, but greater near the surface than near 
the bottom, as in conduits and streams (Art. 125). Accordingly 
the following is an expression for the actual discharge: 


q=c-2V2g-b(H+nh)? (61)e 


in which c is the coefficient of discharge whose value is always 
less than unity, and ” is a number which lies between 1.0 and 1.5. 
For the English system of measures a mean value of V 2¢ is 8.020, 
but a more precise value can be found from (6), for any locality. 


The above formulas are not in all respects perfectly satisfactory, 
and indeed many others have been proposed, one of these being de- 
rived from (50), by making iy) = h, fy = H, and, = 0. The actual 
discharge differs, however, so much from the theoretical that the 
final dependence must be upon the coefficients deduced from experi- 
ment, and hence any fairly reasonable formula may be used .within 
the limits for which its coefficients have been established. In spite 
of the objections which may be raised against all forms of formulas, 
the fact remains that the measurement of water by weirs is one of the 
most convenient methods, and for many conditions the most precise 
method. If the quantity is so small as to pass through a circular orifice 
less than one foot in diameter, then the orifice is more precise 
than the weir. For the continuous measurement of water passing 
through large pipes the Venturi meter gives the best results. With 
proper precautions the probable error in measurements of discharge 
by weirs should be less than two or three percent. 
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Prob. 61. Show by using formula (61); that an error of about one-half 
of one percent results in the computed discharge if an error of o.0o1 feet 
. is made in reading the head when H = o. Bitects 


ArT. 62. VELocITY oF APPROACH 


The head h which produces the velocity v is expressed by 
v’/2g, and in the case of a weir, the velocity of approach v is due 
to a fall from the height 4; thus the velocity-head is 

h=v"/2g = 0.01555 0" 

and when v is known, # can be computed. One way of finding 
-v is to observe the time of passage of a float through a given dis- 
tance; but this is not a precise method. The usual method is 
to compute v from an approximate value of the discharge, which 
is itself first computed by regarding v, and hence h, as zero. This 
determination is rendered possible by the fact that a is usually 
small, and hence that / is quite small as compared with H. 

Let B be the breadth of the cross-section of the feeding canal 
at the place where the readings of the hook are taken, and let 
G be its depth below the crest (Fig. 61). The area of that cross- 
section then is 


A=B(G+H) 
The mean velocity in this section now is 
} y=q'/A 


in which the discharge gq’ is found from the formula 

g =c2V2¢- dH 
This value of g’ is an approximation to the actual discharge; 
from it v is found, and then #, after which the discharge ¢g can be 
computed. If thought necessary, # may be recomputed by using 
qg instead of q’ ; but this will rarely be necessary. 

For example, a small weir with end contractions, which was 
used in the hydraulic laboratory of Lehigh University prior to 
1896, had B = 7.82 feet and G = 2.5 feet. The length of the 
weir 6 was adjustable according to. the quantity of water deliv- 
ered by the stream. On April 10, 1888, the value of b was 
1.330 feet, and values of H ranged from 0.429 to 0.388 feet. 
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It is required to find the velocity v and the head 4, when H = 
0.429 feet. Here the coefficient c is 0.602 (Table 63); hence 
the approximate discharge per second is 


gq’ = 0.602 X 3 X 8.02 X 1.33 X 0.429 
or ’ = 1,203 cubic feet per second. 
The mean velocity of approach then is 


i as 1.203 
(2.5 +0.4) 7.82 


and the head h producing this velocity is 


= 0.053 feet per second, 


h = 0.01555 X 0.053” = 0.00004 feet, 


which is too small to be regarded, since the hook gage used 
determined the heads only to thousandths of a foot. 


The head h may be directly expressed in terms of the dis- 
charge by substituting for v its value q/A ; thus 


h = 0.01555 (g/A)? (62), 


and when q is approximately known, this expression will be found 
a very convenient one for computing the value of the head cor- 
responding to the velocity of approach. 


The head # may be directly computed, when it is small com- 
pared with H, from the formula 
Howe 
h= x(_ 2H 62 
3(H+G)B bee 
To deduce this, let the above values of A and q’ be inserted in 
the equation v = q’/A, and then v be placed in & = v/ag. This 
is a convenient expression for logarithmic computation. 


With a weir opening of given size under a given head H, the velocity 
of approach is less the greater the area of the section of the feeding 
canal, and it is desirable in building a weir to make this area large 
so that the velocity v may be small. For large weirs, and particularly 
for those without end contractions, v is sometimes as large as one foot 
per second, giving / = 0.0155 feet, and these should be regarded as 
the highest values allowable if precision of measurement is required. 
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Prob. 62. Fteley and Stearns’ large suppressed weir had the following 
dimensions: b = B = 18.996 feet, G = 6.55 feet, and the greatest measured 
head was 1.6038 feet. Taking ¢ = 0.622, compute the velocity of approach 
and its velocity-head. 


ArT. 63. WEIRS WITH END CONTRACTIONS 


Let } be the breadth of the notch or length of the weir, H 
the head above the crest measured by the hook gage, and ¢ an 
experimental coefficient. Then, when there is no velocity of 
approach, the discharge per second is 


g=c-2 V2g- dH? (63): 


But when the mean velocity of approach at the section where 
the hook is placed is v, let 4 be the head which would produce 
this velocity as computed by (62).. Then the discharge is 


g=c-2 V2g: b(H+1.4h)! (63). 


The quantity H + 1.4 h is called the effective head on the crest, 
and, as shown in the last article, the velocity-head / is usually 
small compared with the head H. 


Table 63 contains values of the coefficient of discharge ¢ as 
deduced’ by Hamilton Smith, from a discussion of the experi- 
ments made by Lesbros, Francis, Fteley and Stearns, and others 
on standard weirs.* In these experiments g was determined by 
actual measurement in a tank of large size, and the other quan- 
tities being observed, the coefficient c was computed. Values of 
c for different lengths of weir and for different heads were thus 
obtained, and after plotting them mean curves were drawn from 
which immediate values were taken. The heads in the first 
column are the effective heads H + 1.4; but as h is small, little 
error can result in using H as the argument with which to enter 
the table in selecting a coefficient. 

It is seen from the table that the coefficient ¢ increases with 
the length of the weir, which is due to the fact that the end con- 
tractions are independent of the length. The coefficient also 


* Hamilton Smith, Hydraulics, 1884, p. 132. 
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increases as the head on the crest diminishes. The table also 
shows that the greatest variation in the coefficients occurs under 
small heads, which are hence to be avoided in order to secure 
accurate measurements of discharge. 


TABLE 63. COEFFICIENTS FOR CONTRACTED WEIRS 


Length of Weir in Feet 


Effective 
Head 
in Feet 


Interpolation may be made in this table for heads and lengths 
of weirs intermediate between the values given, regarding the 
coefficient to vary uniformly between the values given. When 
coefficients are frequently required for a weir of given length, it 
will be best to make out a special table for that weir and to dia- 
gram the results to a large scale on cross-section paper, so that 
interpolation for different heads can be more readily made. 


As an example of the use of the formulas and Table 63, let 
it be required to find the discharge per second over a weir 4 
feet long when the head 7 is 0.457 feet, there being no velocity 
of approach. From the table the coefficient of discharge is 
0.614 for H = 0.4 and 0.6095 for H = 0.5, which gives about - 
0.612 when H = 0.457. Then the discharge per second is 


g =0.612 X 3 X 8.02 X 4X 0.457? = 4.04 cubic feet. 
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If the width of the feeding canal be 7 feet, and its depth below 
the crest be 1.5 feet, the velocity-head is _ 
2 
h=0.0 Gas =o. 
T5556 Pi 06 0.00134 feet. 
The effective head now becomes H+1.4h=0.4 59 feet, and the 
discharge per second over the weir is 


g=0.612 X%X 8.024 0.459! = 4.07 cubic feet. 


It is to be observed that the reliability of these computed dis- 
charges depends upon the precision of the observed quantities 
and upon the coefficient c; this is probably liable to an error of 
one or two units in the third decimal place, which is equivalent 
to a probable error of about three-tenths of one per cent. On 
the whole, regarding the inaccuracies of observation, a probable 
error of one per cent should at least be inferred, so that the value 
q = 4.07 cubic feet per second should strictly be written g = 4.07 
+ 0.04; that is, the discharge per second has 4.07 cubic feet for 
its most probable value, and it is as likely to be between the values 
4.03 and 4.11 as to be outside of those limits. 


When velocity of approach is considered, an excellent method 
of computing the discharge is to expand the parenthesis of (63), in 
a series and use only two terms of the expansion, thus 


q=o- 42g dH (2 + 2.27) (63)s 


in which #/H is computed from the expression (2 cHb/3 (H + G) B)?, 
where B is the breadth of the feeding canal and G is the distance of 
the bottom of the canal below the level of the crest (Fig. 61). For 
example, in the case of the last paragraph /H is found from the 
numerical data to be 0.00297, whence the quantity in the parenthesis 
is 1.00624 and the discharge is 4.04 X 1.00624 = 4.07 cubic feet per 
second. It is seen that this method requires less numerical work 
than that of the one explained above. 


In very precise work the value of the acceleration g should be 
computed from formula (6); for the particular latitude and elevation 
above sea level where the weir is located. 
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Prob. 63. A weir in north latitude 40° 24’ and 395 feet above sea level 
hasea length of 2.5 feet. Compute the discharges over it, the feeding canal 
having the width 6 feet and the depth below crest 1.6 feet, when the heads 
on the crest are 6.314, 0.315, and 0.316 feet. 


Art. 64. Werrs witHout END CONTRACTIONS 


For weirs without end contractions, or suppressed weirs as 
they are often called, when there is no velocity of approach, 
the discharge per second is 


qac-% V2g- dH? (64), 
and when there is velocity of approach, 
q=c-2 Vog-b(H +13 hy! (64)z 


Here the notation is the same as in the last article, and c is to be 
taken from Table 64, which gives the coefficients of discharge 
as deduced by Smith, in 1888. 


TABLE 64. COEFFICIENTS FOR SUPPRESSED WEIRS 


Length of Weir in Feet 


Effective 
Head 

in Feet 19 Ce) 7 5 4 3 2 
o.1 0.657 0.658 0.658 0.659 
0.15 -643 .644 .645 .645 0.647 0.649 0.652 
0.2 635 .637 .637 .638 -641 .642 645, 
0.25 .630 .632 .633 .634 .636 .638 -641 
0.3 626 .628 .629 -631 633 -636 -639 
0.4 .621 .623 .625 .628 .630 .633 -636 
0.5 -619 .621 -624 627 .630 .633 .637 
0.6 618 .620 .623 .627 -630 .634 .638 
Oy -618 .620 .624 .628 .631 -635 .640 
0.8 618 621 625 .629 633 637 -643 
0.9 -619 .622 .627 .631 -635 .639 645 
1.0 619 .624 .628 633 .637 .641 .648 
I.2 .620 .626 .632 .636 .641 -646 
1.4 .622 .629 .634 .640 644 
1.6 .623 .631 ADR7 642 647 


It is seen that the coefficients for suppressed weirs are greater 
than for those with end contractions; this of course should be the 
case, since contractions diminish the discharge. They decrease 
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with the length of the weir, while those for contracted weirs ‘ 
increase with the length. Their greatest variation occurs under 
_ low heads, where they rapidly increase as the head diminishes. 
It should be observed that these coefficients are not reliable for 
lengths of weirs under 4 feet, owing to the few experiments which 
have been made for short suppressed weirs. Hence, for small 
quantities of water, weirs with end contractions should be built in 
preference to suppressed weirs. For a weir of infinite length it 
would be immaterial whether end contractions exist or not ; hence 
for such a case the coefficients lie between the values for the 10- 
- foot weir in Table 63 and those for the 19-foot weir in Table 64. 


For a numerical illustration a suppressed weir having the same 
dimensions as in the example of the last article will be used, 
mamely,D = Aiieet, G = 1.5 feet, and H = 0.457 feet, |The ico- 
efficient is found from Table 64 to be 0.630; then for no velocity 
of approach the discharge per second is 


g = 0.630 X # X 8.02 X 4 X 0.457" = 4.16 cubic feet. 
Here the width B is also 4 feet; the head corresponding to the 
velocity of approach then is by (62): 


= —4:16_\' = 0.00 feet 
h COE ae .0044 feet, 


and the effective head on the crest is 
H+14h=0.463 feet, 
from which the discharge per second is 
q = 0.630 X 3 X 8.02 X 4X 0.463" = 4.24 cubic feet. 


This shows that the velocity of approach exerts a greater in- 
fluence upon the discharge than in the case of a weir with end 


, contractions. 
When velocity of approach exists, a good method of computation 


is to expand the parenthesis of (64), in a series and use only two terms 


of the expansion thus, ie é h 
q=C- 2r/og : ou (x ae 2.075) 
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in which /H can be computed from the equivalent expression 
(2 cH/3(H+G))2 For example, from the above data the value of 
h/H is 0.0095, whence the quantity in the parenthesis is 1.019 and 
q = 4.16 X 1.019 = 4.24 cubic feet per second. 


Prob. 64. Compute the discharge per second over a weir without end 
contractions when b = 0.995 feet, H = 0.7955 feet, G = 4.6 feet. 


Art. 65. FRANCIS’ FORMULAS 


The formulas most extensively used for computing the flow 
through weirs are those established by Francis in 1854* from the 
discussion of his numerous and 
carefully conducted experiments, 
but as they are stated without 
tabular coefficients they are to be 
regarded as giving only mean ap- 
proximate results. The experi- 
ments were made on large weirs, 
most of them to feet long, and 
with heads ranging from 0.4 to 1.6 
feet, so that the formulas apply 
particularly to such, rather than 
to short weirs and low heads. 
The shape and details of the crest 
of the weirs are shown in Fig. 65 
and the head was measured as described in Art. 60. The length 
6 and the head H being expressed in feet, the discharge per second, 
when there is no velocity of approach, is, for weirs without end 
contractions, or suppressed weirs, 


4% feet to 
bottom of 
Channel 


q = 3.33 6H! (65), 
and for weirs with two end contractions, 
q = 3.33(b —0.2 H)H? (65)s 


Here it was considered by Francis that the effect of each end 
contraction is to diminish the effective length of the weir by 


* Lowell Hydraulic Experiments (4th edition, New York, 1883), p. 133. 
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o.1H. In these formulas 6 and H must be taken in feet and g 
will be found in cubic feet per second. i 

It is seen that the number 3.33 isc - 22g, where c is the true 
coefficient of discharge. The 88 experiments from which this 
mean value was deduced show that the coefficient 3.33 actually 
ranged from 3.30 to 3.36, so that by the use of the mean value 
an error of one per cent in the computed discharge may occur. 
When such an error is of no importance, the formula may be safely 
used for weirs longer than 4 feet and heads greater than o.4 feet. 


Francis’ method of correcting for velocity of approach differs 
from that of Hamilton Smith, and is the same as that explained in 
Art. 50. The head / causing the velocity of approach is computed 
in the usual way, and then the formulas are written, for weirs without 


end contractions, 3 3 
gq = 3.33 (CH + h)* — h’| 
and for weirs with end contractions, 
q = 3.33 (6 — 0.2 H)[(H + h)* — hi] 


It is necessary that this method of introducing the velocity of ap- 
proach should be strictly observed, since the mean number 3.33 was 
deduced for this form of expression. 


Prob. 65. What modification would you introduce in (65)2, if the 
weir has one end with and the other end without contraction ? 


Art. 66. OTHER WEIR FORMULAS 


Fteley and .Stearns* in the discussion of their experiments 
on standard weirs proposed the formula 


Q = 3.33 bH? +.0.007 b (66); 


in which correction for end contraction is made as in the Francis 
formula (Art. 65). They also proposed the following corrections 
for velocity of approach for use in the above formula (66). 


4 
Peepa nt icot- Hh H+ 2.05 
eas 2§ 


* Transactions American Society of Civil Engineers, vol. 12. 
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the former of which is applicable to suppressed weirs and the 
latter to weirs having end contractions, v being the mean velocity 
of approach. 

Among the most recent formulas for the flow over weirs 
are those of Bazin* who experimented on sharp crests varying 
in height from 0.79 to 3.72 feet and in length from 1.64 to 6.56° 
feet. From his discussion of his own results as well as those of 
Fteley and Stearns, he deduced the following formulas for weirs 
without end contractions 


O=p V2 +b? and O=mV2g + bH? (66). 


The first of these formulas is applicable to cases where there is 
no velocity of approach, while the second, by means of the co- 
efficient m, corrects for any approach velocity which may exist. 
The relations between m, », and H are 

m=ulrtoss(e4a) | Poe ae 
where G is the height of the weir crest above the bottom of the 
channel of approach. It is thus seen that m varies with the head 
and also with the height of the weir above the bottom of the chan- 
nel, both of which factors influence the velocity of approach. 
On the other hand » varies only with the head. 


TABLE 66. BAZIN’s COEFFICIENTS m™ FOR SUPPRESSED WEIRS 


Height G of Weir Crest, in Feet 


2.46 


* Annales des ponts et chaussées, 1898; translated by Maichal and 
Trautwine in Proceedings Engineers’ Club of Philadelphia, vols. 5, 7, 
and 9. 
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In the above table are given some of the values of the co- 
efficient m determined by Bazin’s experiments for varying heads 
_ and heights G of standard sharp-crested weirs. These coefficients 
are applicable only to weirs having suppressed end contractions. 
While these formulas give results agreeing well with many weir 
gagings under ordinary heads, the expression for » cannot be re- 
garded as a rational one since it becomes infinite when H is zero. 


Prob. 66. What will be the value of m in the case of a weir 2.50 feet 
high when Z is 1.25 feet? 


ArT. 67. SUBMERGED WEIRS 


When the water on the downstream side of the weir is allowed 
to rise higher than the level of the crest, the weir is said to be 
submerged. In such cases an entire change of condition results, 
and the preceding formulas are inapplicable. Let H be the head 
above the crest measured upstream from the weir by the hook 
gage in the usual manner, and let H’ be the head above the crest 
of the water downstream from the weir measured by a second 
hook gage. If H be constant, the discharge is uninfluenced until 
the lower water rises to the level of 
the crest, provided that free access of 
air is allowed beneath the descending 
sheet of water. But as soon as it rises 
slightly above the crest so that H’ has 
small values, the contraction is sup- 
pressed and the discharge hence increased. As H’ increases, 
however, the discharge diminishes until it becomes zero when H’ 
equals H. Submerged weirs cannot be relied upon to give precise 
measurements of discharge on account of the lack of experi- 
mental knowledge regarding them, and should hence always be 
avoided if possible. 


The following method for estimating the discharge over sub- 
merged weirs without end contractions is taken from the discussion 
given by Herschel* of the experiments made by Francis and by 
Fteley and Stearns. The observed head H is first multiplied 


* Transactions American Society of Civil Engineers, 1885, vol. 14, p. 194. 


e 
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by a number 7, which depends upon the ratio of H’ to H, and 
then the discharge is to be computed by using the modified 


Francis’ formula IE Hy! (67); 


The values of 2 deduced by Herschel* are given in Table 67. 
They are liable to a probable error of about one unit in the second 
decimal place when H’ is less than 0.2 H, and to, greater errors 
in the remainder of the table, values of 1 less than 0.70 being 
in particular uncertain. It is seen that H’ may be nearly one- 
fifth of H without affecting the discharge more than two percent. 


TABLE 67. FACTORS FOR SUBMERGED WEIRS 


A rational formula for the discharge over submerged weirs 
may be deduced in the following manner. The theoretic dis- 
charge may be regarded as composed of two portions, one through 
the upper part H — H’, and the other through the lower part 
H’. The portion through the upper part is given by the usual 
weir formula, H — H’ being the head, or 


1=3V2g-5(H —H’) 
and that through the lower part is given by the formula for a 


submerged orifice (Art. 51), in which 6 is the breadth, H’ the 
height, and H — H’ the effective head, or 


Q, = bH' V 2g (H — H’) 


* Transactions American Society of Civil Engineers, 1885, vol. 14, p. 194. 
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ahe addition of these gives the total theoretic sete ves 
Q=3V2g-b(H —H')' + V2g- oH (H — HH")? 
which may be put into the more convenient form, | 
Q=3V2g-0(H +4 H')(H-H’) 
The actual discharge per second may now be written, 
96-3 Vog-b(H+4H)(H-H') 
_ in which ¢ is the aetna of discharge. 
Fteley and Stearns adopted the above formula for the dis- 
charge, or placing m for c - 2 V2g, they wrote,* 
g=b(H +1H’)(H —H')! (67), 
and from their experiments deduced the following values of the 
coefficient M: 


TOM) 7 Hi 0.00 0.045.005. 0.12 ~0.10) 0:2) 804 
BM 3995.55 3-378 43505332 3-203 2 

DOT a i= 0.499015. 0-0 ©10.7. 0.8) 0.9) 81.0 
Mp =aseE ss TTS .00 7 3-007" 3.12° 30ers 34 


These are for suppressed weirs; for contracted weirs few or no 
experiments are on record. 


Thus far in this article velocity of approach has not been consid- 
ered. This may be taken into account in the usual way by determin- 
ing the velocity-head /, and thus correcting H. But it is unnecessary, 
on account of the limited use of submerged weirs, and the consequent 
lack of experimental data, to develop this branch of the subject. 
What has been given above will enable an approximate probable 
estimate to be made of the discharge in cases where the water acci- 
dentally rises above the crest, and further than this the use of sub- 
merged weirs cannot be recommended. . 


Prob. 67. Compute by the two methods the discharge over a submerged 
weir when } = 8, H = 0.46, and H' = 0.22 feet. ' 


* Transactions American Society of Civil Engineers, 1883, vol. 12, p. 103. 
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Art. 68. ROUNDED AND WIDE CRESTS 


When the inner edge of. the crest of a weir is rounded as at 
A in Fig. 68, the discharge is materially increased as in the case 
of orifices (Art. 53), or rather 


2) an = Se the coefficients of discharge 
Ne a qa oT become much larger than those 
given for the standard sharp 

Fig. 68. crests. The degree of round- 

ing influences so much the amount of increase that no definite 
values can be stated, and the subject is here merely mentioned 
in order to emphasize the fact that a rounded inner edge is al- 
ways a source of error. If the radius of the rounded edge is small, 
the sheet of escaping water is at a point below the top (a in the 
figure), which has the practical effect of increasing the measured 
head by a constant quantity. The experiments of Fteley and 
Stearns show that when the radius is less than one-half an inch, 


the discharge can be computed from the usual weir formula, seven- 
tenths of the radius being first added to the measured head H. 


Two wide-crested weirs with square inner corners are shown 
in Fig. 68, the one at B being of sufficient width so that the de- 
scending sheet may just touch the outer edge, causing the flow 
to be more or less disturbed, while that at C has the sheet ad- 
hering to the crest for some distance. In both cases the crest 
contraction occurs, although water instead of air may fill the 
space above the inner corner. For B the discharge may be 
equal to or greater than that of the standard weir having the same 
head H, depending upon whether the air has or has not free access 
beneath the sheet in the space above the crest. For C the dis- 
charge is always less than that of the standard weir. 


Table 68 is an abstract from the results obtained by Fteley 
and Stearns,* and gives the corrections in feet to be subtracted 
from the depths on a wide crest, like C in Fig. 68, in order to 
obtain the depths on a standard sharp-crested suppressed weir 
giving the same discharge. 


* Transactions American Society of Civil Engineers, 1883, vol. 12, p. 96. 
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TABLE 68. CORRECTIONS FOR WIDE CRESTS 


Width of Crest in Inches 


The U. S. Geological Survey* during 1903 caused to be made 
at the laboratory of Cornell University a series of experiments 
on broad-crested weirs. These experiments covered crest 
widths of from 0.479 to 16.302 feet and heads from 0.2 to 5.0 
feet. Without here going into detail, it was concluded from the 
results obtained that a coefficient of 2.64 may be used in the for- 
mula g = cbH? for all cases of broad-crested weirs exceeding 3.0 
feet in breadth and under heads in excess of 2.0 feet. For heads of 
less than 2.0 feet the coefficients are variable and dependent on 
both the head and the width of the crest as well as on whether 
or not the nappe or water sheet remains attached to or becomes 
detached from the downstream face of the weir. For heads of 
less than 0.5 feet the sheet is very unstable and the coefficients 
fluctuate correspondingly. From 0.5 to 2.0 feet the coefficients 
are still somewhat variable and uncertain but become quite 
steady for higher heads and on crests exceeding 3.0 feet in width. 
In general when the sheet becomes detached, the coefficient be- 
comes equal to that for a sharp-crested weir; when the sheet is 
adherent, the coefficient may drop to 2.60. The possible range 


* Water Supply and Irrigation Paper, No. 200, U. S. Geological Survey. 
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in coefficients for such cases is hence seen to be from 2.60 
LO-3.33- | 

Prob. 68. Compute the discharge for a weir like C in Fig. 68 when the 
width of crest is 1.5 feet, the head 0.85 feet, and the length of weir ro feet. 


Arr. 69. WASTE WErIRS AND DAmMs 


Waste weirs are constructed at the sides of reservoirs in order 
to allow the surplus water to escape. They are usually arranged 
so that the end contractions are suppressed. When the crest isi 
narrow and the front vertical, so that the descending sheet of 
water has air upon its lower side, the discharge is approximately 
given by Francis’ weir formula (Art. 65), 


g = 3.33 bH® 


in which b is the length of the crest, and H the head measured 
some distance back from the crest. When the crest is wide and 
the approach to it is inclined, as is often the case, the discharge 
is somewhat smaller. For a crest about three feet wide and level, 
with an inclined approach back of it, Francis deduced 


g = 3.01 bH* 


which, for a head of one foot, gives a discharge ten percent less 
than that of the first formula. . 


In constructing a waste weir the discharge q is generally known 
or assumed, and it is required to determine } and H. The latter 
being taken at 1, 2, or 3 feet, as may be judged safe and proper, 
b is found by one of these formulas. For example, let the crest 
be wide, g be 87 cubic feet per second, and H be 2.0 feet, then 


log b = log 87 — log 3.01 — 1.53 log 2 


from which log 6 = 1.0004, whence b = 10.0 feet. When, 
~ however, the crest is narrow, the first formula gives b = 9.2 
feet. Evidently no great precision is needed in computing the 
length of a waste weir, since it is difficult to determine the exact 
discharge which is to pass over it, and an ample factor of safety 
should be introduced to cover unusual floods. 
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The above formulas may be used for obtaining the approximate 
flow of a stream in which a dam with level crest has been built. 
_ The water, however, is often received upon an apron of timber 
or masonry, and the inclination cf this, as well as the inclination 
of the approach to the crest, materially modifies the discharge. 


The formula, 3 3 
g=c:2~V2g-bH* =mbH? (69), 


is usually employed for dams, and it is found that the value of 

M, for English measures, may range under different circumstances 

from 2.5 to 4.2. This formula is modified below for the influence 
of velocity of approach (Art. 62). 


Experiments were made by Bazin in 1897* on dams from 1.6 
to 2.5 feet high with heads of water on the crests ranging from 0.2 


Fig. 69c. 


to 1.4 feet. For the case of Fig. 69a the approach had an inclina- 
tion of 1 on 2 and the front was vertical; when the width of the 
crest was 0.33 feet, the coefficient m varied from 3.24 to 4.12 as 
the head increased from 0.27 to 1.41 feet; when the width of 
the crest was 0.66 feet, m varied from 3.10 to 3.89 for similar 
heads. For the case of Fig. 69 both approach and apron had 
slopes of 1 on 2 and the crest was 0.66 feet wide; here M increased 
from 2.83 to 3.75 as the head ranged from 0.22 to 1.42 feet. “Hor 
Fig. 69c, with a crest 2.62 feet wide, ranged from 2.47 to 2.76, 
but when the upstream corner was rounded to a radius of 4 inches, 
it ranged from 2.71 to 3.12. Here it is seen that widening the 
crest decreases the discharge, as already noted in Art. 68, and that 
the apron produces a similar influence. 

Experiments on a larger scale were made by Rafter in 1898, 
for the U. S. Deep Waterways Commission at the canal of the 
Cornell hydraulic laboratory, in which the flow over dams 


* Annales des ponts et chaussées, 1808; translated by Rafter in 
Transactions American Society of Civil Engineers, 1900, vol. 44, p- 254. 
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was measured by a standard weir. The results of these ex- 
periments are given in Table 69a, the first five being for 
dams of the form shown in Fig. 69a, the next three for dams 
like Fig. 69d, and the next four for dams like Fig. 69c, those 
marked with an asterisk having the upstream corner rounded 


TABLE 69a. COEFFICIENTS M FOR DAMS 


Down- Head H on Crest in Feet 


stream 
Slope ’ : : 30 


Upstream 
Slope 


Ton 2 Vertical 
I on 2 Vertical : 3.68 
Ion 5 Vertical 3.38 
ron 4 Vertical 3.48 


Ion 3 Vertical 
I on 2 Iont 
I on 2 Ion 2 3.66 
Ion 2 Ton 5 
Vertical Vertical 
Vertical Vertical 
Vertical Vertical 
Vertical Vertical 
Ion. Vertical 


to a radius of 4 inches. The last line of the table refers to a sec- 
tion whose top was 5 feet wide and rounded to a radius of 3.37 
feet, the rounding beginning on the upstream side 1.00 foot 
below the crest. The height of these dams varied from 4.56 
to 4.91 feet, and the length of the crest was in all cases 6.58 feet.* 


“48 oie 


Fig. 69d. Fig. 69e. Fig. 69f. 


Rafter also made experiments on some other forms of dams. 
The one shown in Fig. 69d had a vertical front 4.57 feet deep, 
and the two back slopes were 1 on 6 and 1 on 3, the width of the 
former being 4.5 feet; the values of m for this case ranged from 


* Transactions American Society of Civil Engineers, 1900, vol. 44, p. 266. 
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3.33 to 3.46 for heads ranging from 1.0 to 6.0 feet. The one 
shown in Fig. 69e had a total width of about 23 feet anda height 
of 4.53 feet, the slopes of the approach and apron being 1 on 6, 
and that just below the crest about 1 on 4, the vertical depth 
of this being 0.75 feet; for this the mean values of m ranged from 
3-07 to 3.27 for heads ranging from 1.0 to 6.0 feet, the smaller co- 


efficients being due to the contact of the water with the apron. 


For ogee dams similar in cross- 
section to Fig. 69/, experiments 
were made in 1903 * by the U.S. 
Geological Survey. The widths 
a@ of the various crests ranged 
from 3.0 to 6.0 feet, the radii 7 
from 1.0 to 3.0 feet, and the rises 
Gmiromno:75 feet to 2.88 feet. 
From a discussion of these results 
it was concluded that the coeffi- é 
cient m has a value of (3.78 — 0.16 s) H’’, where s is the ratio 
of a to c in Fig. 69g. For example, when s = 3.0/1.5 and H = 
Veostect, then, M ==) 3.70. 


In the table on the next page are shown the principal re- 
sults of the above experiments on models of ogee dams: 


The height of the crests above the bottom of the channel of 
approach of all the models was 11.25 feet and the heads were 
measured at two points, one 10.3 feet and the other 16.059 
feet upstream from the weir crest. It was found that in general 
the reading of the gage nearest the weir was not affected by 
the surface curve for heads of less than three feet on the crest. 
The water which was used in these experiments was measured 
over a sharp-crested standard weir 6.65 feet high and having 
a crest 15.93 feet in length. 


By the use of these coefficients the discharge of a stream over 
a dam may be computed with a good degree of precision. For- 


* Water Supply and Irrigation Paper No. 200, p. 131. 
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TABLE 69). COEFFICIENTS M FOR OGEE DAMS 


7 


a, feet 3.00f | 3.00% | 4.50* | $4.83 * 
c, feet 1.50 2.88 1.00 I.00 
fateet 3.00 3.00 2.00 2.00 


Head in Value of Coefficient m 
Feet 


0.50 227 Beit 
1.00 : 3-37 3-45 
2.00 . 3-51 3-75 
3.00 F Bel) 3.87 
4.00 3.67 3.88 
5.00 : 3.82 


* Length of crest 15.969 feet, contractions suppressed. 
+ Length of crest 7.938 feet, with one end contraction. 
‘ ¢ This model had upstream corner rounded to radius of 4 inches. 


mula (62), may be used to find the head corresponding to the 
velocity of approach, and then 


g=Mb(H +h)! (69). 


gives the discharge in cubic feet per second. For example, 
when M = 3.45, b = 15.0 feet, H = 1.25 feet, h = 0.02 feet, then 
q = 74.0 cubic feet per second. A fair estimate of the probable 
error of a coefficient Mis from 3 to 4 percent. 


Ai 


The following formula has been found to give good results in 
automatically applying a correction for the velocity of approach for 
heads above o.5 feet. mbH? 


¢~ 7 —4H/G+H) 


where G is the height of the weir crest above the bottom of the ap- 
proach channel. It will be noted that in form the term H/3 (G+ H) 
is similar to the correction for velocity of approach used by 
Bazin (Art. 66). 


Prob. 69. Find the length of a waste weir which will be ample to dis- 
charge a rainfall of one inch per hour on a drainage area of 3.65 square miles, 
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the head on the crest of the weir being 2.12 feet. Also when the head is 
4.24 feet. | 


Art. 70. THe SurRFACE CURVE 


The surface of the water above a weir or dam assumes a curve 
whose equation is a complex one, but some of the laws that govern 
the drop in the plane of the crest may be deduced. 
Let H be the head on the level of the crest meas- 


back of the weir, and let d be the depression or 
drop of the curve below this level in the plane of 
the weir (Fig. 70). Then the discharge per sec- 
ond g can be expressed in terms of H and d by 
formula (50),, placing HW for #, and d for /,, and ea 
making fy) = 0. This formula becomes, after replacing 3 V 2g by M, 


Fig. 70. 


pe ef q=M-b(H' —d') 


This expression, it may be remarked, is the true weir formula, and only 
the practical difficulties of measuring H and d prevent its use. This 


may be written EAE yr hee q/mb 


from which the drop d in the plane of crest of the weir can be found. 
Let B be the breadth of the feeding canal, G its depth below the crest, 
and v the mean velocity of approach; then also 


g=B(G+H)v 
and inserting this in the expression for d® it becomes 


fm (GE HY (70) 
Mb 


which is an expression for the drop of the curve in terms of the dimen- 
sions of the weir, the total head, and the velocity of approach. 


The approximate value of the coefficient m is about 3.5 for English 
measures, but precise values of d cannot be computed unless m and 
H are known with accuracy. The formula, however, serves to ex- 
emplify the laws which govern the drop of the curve in the plane of the 
weir. It shows that the drop increases with the head on the crest 
and with the length of a contracted weir, that it decreases with the 
breadth and depth of the feeding canal, and that it decreases with the 
velocity of approach, , It also shows for suppressed weirs, where B = 0, 
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that the drop is independent of the length of the weir. All of these 
laws except the last have been previously deduced by the discussion 
of experiments. 


The path of the stream after leaving the weir is closely that of 
a parabola. In the plane of the crest the mean velocity is 


V = q/b(H — d) 


and the direction of this may be taken as approximately horizontal. 
The range of a stream on a horizontal plane at the distance y below 
the middle of the weir notch is then readily found. For, if « be this 
range which is reached in the time ¢, then x = Vé, and also y = 3 g?; 
whence, by the elimination of #, there results gx? = 2 V®y, and accord- 
ingly the horizontal range at the depth y is 

H—d fey 

H—d g 

in which d is given by (70). For example, let B = }, also H = 3 
feet, G = 23 feet, and v = 0.67 feet per second. From (70) the value 
of d is found to be 0.35 feet. Now, when y = 50 feet, the last formula 
gives x = 11.7 feet, which is the approximate distance of the middle 
of the stream from the vertical plane through the crest. 


x=M 


Prob. 70. In the above example what velocity of approach is necessary 
in order that there may be no drop in the plane of the crest? What is the 
range for this case ? 


Art. 71. TRIANGULAR WEIRS 


Triangular weirs are sometimes used for the measurement 
of water, the arrangement being shown in Fig. 71. Let 6 be 
the width of the orifice at the 
water level, and H the head of 
water on the vertex. Let an 
elementary strip of the depth dy 
be drawn at a distance y below 
the water level. From similar 
triangles the length of this strip is (H — y)b/H and the elemen- 
tary discharge through it then is 


b Bie : 
20 Seo) V 2gy =F V26(Hy! — y*)dy 


Fig. 71. 
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The integration of this between the limits H and o gives the the- 
oretic discharge through the triangular weir, namely, 


O=¢5b-V2g-H (71); 


Tf the sides of the triangle are equally inclined to the vertical, 
as should be the case in practice, and if this angle be a, the sur- 
face width 6 may be expressed in terms of « and H, so that the last 


formula becomes 5 
Q= tana: V2g°H’ (71)2 


The discharge is thus equal to a constant multiplied by the 23 
power of the measured depth. 


Triangular weirs are used but little, as in general they are 
only convenient when the quantity of water to be measured is 
small. Such a weir must have sharp inner corners, so that the 
stream may be fully contracted, and the sides should have equal 
slopes. The angle at the lower vertex should be a right angle, 
as this is the only case for which coefficients are known with pre- 
cision. The depth of water above this lower vertex is to be meas- 
ured by a hook gage in the usual manner at a point several 
feet upstream from the notch. Making the angle at the vertex 
a right angle, and applying a coefficient, the actual discharge 
per second is given by the expression 

ques V2gH : 

in which H is the head of water above the vertex. Experiments 
made by Thomson * indicate that the coefficient c varies less 
with the head than for ordinary weirs; this, in fact, was antici- 
pated, since the sections of the stream are similar in a triangular 
notch for all values of H; and hence the influence of the contrac- 
tions in diminishing the discharge should be approximately 
the same. As the result of his experiments the mean value of 
c for heads between 0.2 and 0.8 feet may be taken as 0.592, and 
hence the mean discharge in cubic feet per second through a 
right-angled triangular weir may be written 


q = 2.53H (71)s 


* British Association Report, 1858, Pp. 133- 
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in which, as usual, H must be expressed in feet. About 4 feet 
is probably the greatest practicable value for H, and this gives 
a discharge of only 81 cubic feet per second. When velocity 
of approach exists, H in this formula should be replaced by H + 
1.4 h, as for rectangular weirs with end contractions. 


Prob. 71. A triangular orifice in the side of a vessel has a horizontal 
base } and an altitude d, the head of water on the base being / and that on 
the vertex being # +d. Show that the theoretic discharge through the 


orifice is 1 V2g(b/d)l4(h + d)? —(4h + 10d)h3]. 


Art. 72. TRAPEZOIDAL WEIRS 


Trapezoidal weirs are sometimes used instead of rectangular 
ones, as the coefficients vary less in value. The theoretic 
discharge through a trapezoidal 
weir which has the length 6 on 
the crest, the head H, and. the 
length 6 + 2g on the water sur- 
face, as seen in Fig. 72, is the sum 
of the discharges through a rect- 
angle of area bH and a triangle of area zH. Taking the former 
from (61); and the latter from (71), and replacing tana by z/H 


Q = 3 V 2g (5b +42) H? 


is the theoretic discharge. Here z/H, which is the slope of the 
ends, may be any convenient number, and it is usually taken as 
z, as first recommended by Cippoletti.* 


The reasoning from which this conclusion was derived is 
based upon Francis’ rule that the two end contractions in a 
standard rectangular weir diminished the discharge by a mean 
amount 3.33 X 0.2 H’ i (Art. 65), or in general by the amount 

2/2 ¢X0.2 Hi. Ifthe sides are sloped, however, the discharge 
eich the two end triangles is c-/2¢ 20 ox $2H?. If, now, the 
slope is just sufficient so that the extra discharge balances the 
effect of the end contractions, these two quantities are. equal. 
Equating them, and supposing that c has the same value in each, 


* Cippoletti, Canal Villoresi, 1887; see Engineering Record, Aug. 13, 1892. 
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there resultsz= 4H. Hence for such a trapezoidal weir the 
discharge should be the same as that through a suppressed rect- 
angular weir of length 0, or according to Francis q = 3.33bH?. 
. Cippoletti, however, concluded from his experiments that the 
coefficient should be slightly larger, and he gave 

g = 3.367bH' (72) 
as the formula for a trapezoidal weir when 2/H = {. If/is the 
head due to velocity of approach H may be replaced by H+1.4h. 

Prob. 72. Show that the Cippoletti formula may be written 
gq = 6-20 28(b + 0.2H)H. 


Art. 724. PROPORTIONAL WEIRS 


A proportional weir is one so shaped that its theoretic discharge 
varies with the first power of the head or Q = AH + B where A 
and B are constants. 
Let 6 be the length of 
the crest, as in Fig, 
724a, where the lower 
part is a rectangle with conn —pnee I pera ae zi 
the height a. Let the 
head on the upper part 
of this rectangle be k or H = k+ a. Then the upper part of the 
weir is required to be so shaped that Q = Ak+ Aa+ B. The dis- 
charge consists of two parts, first that through the rectangle ab and 
second that through the part above the rectangle; writing expres- 
sions for these from Art. 48, and equating their sum to Q, gives 


Ak + Aa + B= 36V2((a + 8) - #) + Vref, Ve — y-ady 
as the condition for finding the values of A and B and also the relation 
between the coordinates « and y of the curve. To do this expand 
(a + k)* according to integral powers of k, also assume 

n= C+D +Ei+hry+ Git... 
then integrate and equate the coefficients of like powers of k; thus 


+ 


fee 


feo= =f 
‘3 
ig 


Fig. 723a. Fig. 725). 


1 / =m 3 3 
will be found A = a*bV 2g, B = — talov 2g, C= 6, D=]=— 2b/ma ; 
E = 2b/ 3d’, F = — 2b/ sma’, etc. Hence, if the curve is con- 


structed from the equation : ; 
= 5 — (or/d) ((y/a)* — 80/a)' +40/08 — 40/0) +. - 
or x = O(1 — (2/7) tan —1Vy/a) (724)1 
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then the theoretic discharge through the weir is 
Q = av2g a (H — 42) (72})2 
This conclusion is true provided H be greater than a. 

Values of x are readily computed from (723), for assumed values 
of y; in this equation 2/7 may be replaced by g5° if tan~1 be taken 
in degrees; thus for y= 2a, tan~1V2 = 54° 44’ 8" = 54°. 7355 
and x = 0.392). A weir constructed in this shape is called a Sutro 
weir * and such have been used to measure chemical solutions for 
water-softening plants. Little is known about the coefficients and 
hence (723)2 gives results too large. A Sutro weir used in rors at 
the University of California f was like Fig. 723a and of dimensions 

= zy feet, b = 2 feet; seventeen measurements when plotted gave 
the discharge formula as g = 1.46H + 0.01, while (723)2 gives 
Q = 2.32H — 0.016. Of course a weir might be built as in Fig. 
7236 and then the theoretic discharge would be double that of (723). 


Prob. 725. Perform the algebraic work above indicated and deduce 
the values of A, B, C, D, E, F, G. 


ArT. 73. OBLIQUE WEIRS 


In certain cases weirs or dams are built obliquely across 
streams. When the velocity of the stream is small, so that 
the water approaches the crest in a direction sensibly at 
right angles to it, the discharge is proportional to the crest 
Jength and may be computed by the formulas already given. 
When, however, the velocity becomes so great that the water 
approaches the crest obliquely, the discharge tends to approx- 
imate that over a weir placed normal to the axis of the stream. 
This, however, is not strictly true in case the obliquity be large; 
in such a case the discharge is increased above that over the 
normal weir. An oblique weir is sometimes built to keep 
down the effect of backwater during floods, but it causes a 
loss of available head during medium and low water. The 
problem of the regulation of river heights is well exemplified by 
the conditions at the Chaudiere Dam, Ottawa.t 


Achiel § experimented on weirs inclined to the axis of the chan- 


‘ Pratt, Engineering News, August 27, 1914, p. 462. f Moses, En- 
gineering News, August 5, 1915, p. 277. { Engineering News, June 30, 
Ig10,p. 741. § Zeitschrift Verein Deutschen Ingenieure; see abstract 
in Engineering Record, July 3, 1909, p. 10 


. 
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nel at angles varying from 15 to 90°. These weirs were placed 
in channels 1.64 and 3.28 feet in width, the end contractions were 
suppressed, and the nappe was thoroughly aerated; their height 
was 0.82 feet and the heads ranged from 0.04 to 0.60 
feet. From these experiments the formula F, = 1— H/Gr 
was deduced. Here H is the measured head on the weir, G the 
height of the weir crest above the channel of approach, and r a 
number taken from the table below. F, then is a correction 
factor by which the values of the coefficient for a vertical thin- 
edged weir are to be multiplied in order to obtain the coefficients 
for each unit of length of the oblique weir. This formula does 


Angle of weir Some e406 455 00s vice go° 
aor Droad-channels = 1.4 2.8 .° 5.0 O14 26.3 Ca) 
@ioumatrow channels = 1.2 .-2.1 3.6 7.7 26.2 00 


not hold when the ratio H/G is greater than 0.62, and this ratio 
should be smaller as the obliquity of the weir increases. In 
general it can be said that outside the range of the few experiments 
which have been made but little is known on this subject. 


Prob. 73. What is the coefficient for an oblique sharp-edged weir 
with contractions suppressed, 19 feet long and two feet in height when the 
head is 0.6 feet and the obliquity of the weir 45 degrees? 


Art. 74. COMPUTATIONS IN THE METRIC SYSTEM . 


The formulas for discharge in Arts. 61-64 are rational and may be 
used in all systems, the coefficients c being abstract numbers. In the 
metric system b and Hare often expressed in centimeters, but they 
should be reduced to meters for use in the formulas, and then q will 
be in cubic meters per second. The mean value of V 2g is 4.427 and 
that of 1/2g is 0.05102. 


(Art. 62) The head / in meters corresponding to the mean veloc- 
ity of approach is to be computed from the formula 


h = 0.05102 (q/A)? (74)1 


in which A is in square meters. For example, take a weir where B 
= 200, G= 90, b= 45.1, H = 26.28 centimeters, and c = 0.620. 
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Then by (63), the discharge g’ is 0.1112 cubic meters per second, 
and from (74), the head / is o.coo2 meters. 

(Art. 63) Table 74a gives values of the coefficient ¢ for weirs 
with end contractions, with arguments in the metric system. Thus, 
if H = 5.45 centimeters and 6 = 0.45 meters, there is found, by in- 
terpolation, c = 0.626, which is liable to a probable error of about: 
two units in the third decimal place. 


TaBLE 74a. COEFFICIENTS ¢ FOR CONTRACTED WEIRS 


Arguments in Metric Measures 


Effective Length of Weir in Meters 
Head in 
Centi- 
meters . : 0.6 


.634 
.622 


.609 
.605 


(Art. 64) Coefficients c for weirs without end contractions, with 
metric arguments, are given in Table 746, which has been prepared 
by the help of Table 64. 


(Art. 65) When 0 and H are in meters and q in cubic meters per 
second, Francis’ formula for suppressed weirs takes the form 


3 
g = 1.84 bH? (74) 
and for weirs with end contractions, 
q = 1.84(b—0.2H)H? (74)3 
the number 1.84 being a mean value of ¢ - 3-V 2g. 


(Art. 67) Table 67 applies to any system of measures, and the 
formula g = 1.84 b(nH )? then gives the discharge in cubic meters per 
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TABLE 74). COEFFICIENTS ¢ FOR SUPPRESSED WEIRS 


Arguments in Metric Measures 


Effective Length of Weir in Meters 
Head in 
Centi- 
meters . 5 : 1.5 


645 
.635 
.631 


second, if 6 and H be in meters. The metric values of m for use in 
(67). are found by multiplying those in the text by 0.5522. 


(Art. 69) The formulas of the first paragraph are transformed 
into metric measures by replacing 3.33 by 1.84 and 3.01 by 1.72. For 
formula (69), the value of m for dams may range from about 1.4 to 
2.3. Table 74c gives metric values of m as deduced from the experi- 
ments made by Bazin in 1897, and by Rafter in 1898. The explana- 
tion of this table is in all respects like that of Table 69a. All values 
of m given in Art. 69 may be reduced to metric measures by multi- 
plying by 0.5522, this being the ratio of the value of 2g expressed in 
meters to that expressed in feet. 

(Art. 71) The metric formula for discharge over the triangular 
weir is g = 1.40 H?. 

(Art. 72) The metric formula for Cippoletti’s trapezoidal weir 
takes the form g = 1.86 bH?. 

Prob. 74a. Compute the head that produces a velocity of approach 
of 50.5 centimeters per second. - 


Prob. 746. What are the discharges, in liters per minute, over a sup- 
pressed weir 2.35 meters long when the heads on the crest are 12.3, 12.4, 


and 12.5 centimeters? 
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TABLE 74c. COEFFICIENTS M FOR Dams 


Metric Measures 


Width Dora: Head H on Crest in Meters 


of Crest | stream 
Meters Slope 


0.60 0.91 


Vertical 
Vertical 
Vertical 
Vertical 


Vertical 
IonI 


Ion 2 
Ion 5 
Vertical Vertical 
Vertical Vertical 
Vertical] 2. Vertical 
Vertical Vertical 
Toni Vertical 


*For explanation see Art. 69. 


Prob. 74c. Compute the discharge over a submerged weir when b = 
2.35, H = 0.123, and H’= 0.027 meters. 


Prob. 74d. Compute the discharge over a dam, like Fig. 686, when the 
side slopes are 1 on 2, the length of the crest 4.25 meters, and the head on 
the crest 1.07 meters. 
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CHAPTER 7 
FLOW OF WATER THROUGH TUBES 
Art. 75. Loss or ENERGY oR HEAD . 


A tube is a short pipe which may be attached to an orifice 
or be used for connecting two vessels. The most common form 
is a cylinder of uniform cross-section, but conical forms are also 
used, and in some cases a tube is made of cylinders with different 
diameters. The laws of flow through tubes are important as 
a starting-point for the theory of flow through pipes, for the dis- 
charge from nozzles, and for the discussion of many practical 
hydraulic problems. The theorem of Art.31, that pressure- 
head plus velocity-head is a constant for a given section of a 
tube, is only true when there are no losses due to friction and im- 
pact. As a matter of fact such losses always exist and must be 
regarded in practical computations. 


Energy in a tube filled with moving water exists in two forms, 
in potential energy of pressure and in kinetic energy of motion. 
Thus in the horizontal tube of 
Fig.75a let two  piezometers 
(Art. 37) be inserted at the sec- 
tions a; and a, where the velocities 
are v,; and 2, and it is found that 
the water rises to the heights 4 
and fh, above the middle of the 
tube. Let W be the weight of 
water that passes each section per 
second. Then in the first section the pressure energy per sec- 
ond is Wh and the kinetic energy per second is W - 2,?/2g, so 
that the total energy of the water passing that section in one 


second is Wh +W - 02/28 
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In the same manner the total energy of the water passing the 
second section in one second is 

7 Wh, + W : 27/28 
but this is less than the former because some energy has been 
expended in friction and impact. Let Wh’ be the amount of 
energy thus lost; then equating this to the difference of the ener- 
gies in the two sections, the W cancels out and 


2 2 
hl = hy — Io Sie oa, (75)1 
ag 28 
The quantity h’ is called the lost head, and the equation shows 
that it equals the difference of the pressure-heads plus the differ- 
ence of the velocity-heads. 


In hydraulics the terms “‘ energy”’ and “‘head”’ are often used 
as equivalent, although really energy is proportional to head. In 
the general case, the lost head is not a loss of pressure-head only, 
but a loss of both pressure-head and velocity-head. When, 
however, the two sections are of equal area, the velocities 7, 
and v are equal, since the same quantity of water passes each 
section in one second; then the lost head h’ is ; — fy or the loss 
occurs in pressure-head only. Here the loss is mainly due to 
the roughness of the interior surface of the tube or pipe. It 
should be noted that it is only necessary to measure the difference 
h, — h, and this can be done by the methods of Art. 37. 


Formula (75); is applicable to all horizontal tubes and pipes, 
and with a slight modification it is also applicable to inclined 
ones, as will. be 
shown in Art. 85. 
It also applies to a 
flow from a standard 
orifice, or to the flow 

Fig. 750. ewe bigs 700 from an orifice to 
which a tube is at- 

tached. Thus for the large vessel of Fig. 75) let the sections 
be taken through the vessel and through the stream as it leaves 
the tube, Then %,=h, and since there is no pressure outside 
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the tube, 4, =0; also 1 =0 and » =v; then h’ =h— v?/ 2g. 
For the case in Fig. 75c, where the stream approaches with the 
velocity 4, the formula becomes h’ = fy+(v,2 — v°)/ 2g. In 
both cases, if h’ is made. zero, these equations reduce to those 
established in the chapter on theoretical hydraulics, where losses 
of energy were not considered ; thus for the second case the theo- 
retic effective head h is equal to fy + 0,2/2¢. 


In order to use (75); for numerical computations three quan- 
tities must be known, the difference hy—hy, and the velocities 
2; and w%. Asa direct measurement of the velocities is usually 
impracticable, these are generally computed from the measured 
discharge g and the areas a; and a, of the cross-sections; thus 
0%, = g/d and % = g/a. For example, let the cross-section be 
circular, having diameters of 18 and 6 inches, and let the discharge 
be 4.7 cubic feet per second ; the areas are 1.767 and 0.196 square 
feet, and the velocities are 2.66 and 23.94 feet per second. If 
the difference of the pressure-heads is 8.85 feet, the lost head is 


h’ = 8.85 +.0.01555(2.66? — 23.947) = 0.05 feet 


The general formula (75), may be expressed in terms of the areas 
of the sections and one of the velocities. Since a7; = d2v2 it may 


be written a;2\ 0,2 
; if — — |=- io 
h Spe - x (75)s 
2 2 
or h! =I, — In +(%, - 1) (75)s 
ay 2g 


which are often convenient forms for numerical computations. 

Prob. 75. In Fig. 75a let the areas a; and az be 1.0 and o.5 square feet, 
hy — hy = 0.697 feet, and 7 = 3.5 feet per second. What is the value of 
the lost head ? 


Art. 76. Loss DuE TO EXPANSION OF SECTION 


When a tube or pipe is filled with flowing water a loss of head 
is found to occur when the section is enlarged, so that the velocity 
is diminished. ‘This case is shown in Fig. 76a, where v; and x 
are the velocities in the smaller and larger sections and /, and hy 
the corresponding pressure-heads. The interior surface may be 
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very smooth, so that friction has but little influence, and yet 
there will usually be more or less loss due to the fact that the veloc- 
ity 7, is changed to the smaller value 2. Formula (75); is here 
directly applicable and gives the loss of head. It is seen that 
I, — iy must be negative for this case and that its numerical 
value will be less than that of the difference of the velocity-heads. 
The general formula (75); gives the loss of head due not only to 
expansion of section, but to all resistances between any two sec- 
tions of a horizontal tube or pipe. 


When there is a sudden enlargement of section, as in Fig. 
76b, energy is lost in impact. In the section AB the pressure- 


Hr 


in 


Fig. 76a. Fig. 760. 


head is , and the velocity-head is 1,2/2g, while in the section CD 
the pressure-head has the larger value /, and the velocity-head 
has the smaller value v?/2g. At the section MJ, near the place 
of sudden expansion, the pressure-head is also /y, since the velocity 
7, is maintained for a short distance after leaving the ‘small 
section; its direction, however, being changed so as to form 
whirls and foam. In this region the impact occurs, the velocity 
v, being finally decreased to vw . Let a2 be the area of the sections 
MN and CD, and w the weight of a cubic unit of water. Then 
by (15) the hydrostatic pressure normal to the section CD is 
Wdeh2, and that normal to the section MN is wah. The dif- 
ference of these pressures is the force which causes the veloc- 
ity 2, to decrease to %, and by Art. 27, this force is equal to 
W(v1—)/g, where W is the weight of water passing the section 
CD in one second. Hence 
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WAN, — wash, = Vo 


and, since W equals way, this equation becomes 


he te hy as V(V oa oD) 
§ 
Inserting this value of /, — Jy in (75);, it reduces to 


= (a = 2%)? 
oe (76), 


which is the loss of head due to sudden expansion of section, or 
rather due to the sudden diminution of velocity that is caused 
by such expansion. 


When the expansion of section is made gradually and with 
smooth curves, the velocity v, will decrease without whirl and 
foam, so that no loss in impact occurs. In this case the kinetic 
energy w-2,"/2g is changed into pressure energy, as the velocity 
2; decreases to v%. There is, however, no distinct line of demar- 
cation between sudden and gradual expansion, so that in many 
practical cases it is necessary to make measurements of the dis- 
charge and of the head /#,—/, in order to compute the lost head 
h’ from (75);, which is a formula applicable to all cases. 


Sudden enlargement of section should always be avoided in 
tubes and pipes owing to the loss of head that it causes, which 
may often be very great. For example, let there be no pressure- 
head in the section a; and let v; be due to a head & so that v, = 
V 2¢gh; let the area a, be four times that of a; so that x is one- 
fourth of v;. The loss of head due to sudden expansion then is 


ae 2 
jae oe = 2h 
so that more than one-half of the energy of the water in a is 
lost in impact, having been changed into heat. In the section 
dz the effective head is 7/g h, of which 7 # is velocity-head and 
7s # is pressure-head. 
Formula (76); may be expressed in terms of the areas of the 
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sections and one of the velocities, since a0; = a2. The value 
of h’ takes the two forms 


yf =(:-2) & = (2 1) (76). 
(6D) 2g CAI 22 


and these show that no loss of head occurs when aq = dy». 


Prob. 76. In a horizontal tube like Fig. 76a the diameters are 6 inches 
and 12 inches, and the heights of the pressure-columns or piezometers are 
12.16 feet and 12.96 feet above the same bench-mark. Find the loss of 
head between the two sections when the discharge is 1.57 cubic feet per 
second, and also when it is 4.71 cubic feet per second. , 3 


a 2) 


Art. 77. Loss DurE To CONTRACTION OF SECTION 


When a sudden contraction of section in the direction of the 
flow occurs, as in Fig. 77, the water suffers a contraction similar 
to that in the standard orifice, and hence in its expansion to fill 
the second section a loss of head results. Let v, be the ve- 

a locity in the larger section and » that 

—. in the smaller, while v’ is the velocity 
ee in the contracted section of the flowing 
a stream; and let a, a, and a’ be the 

ee | corresponding areas of the cross-sec- __ 
tions. From the formula (76). the loss 


=. «,«COf head due’to the expansion ai cecum 


— v=<—>v from a’ to ais 
SSS ie 2 iD ‘ 9 42 
12 ss wae} sy SSS SS = 
Fig. 77. h ={ / :) me e :) ob (77) 


in which c, is the coefficient of contraction of the stream or the 
ratio of a’ to a (Art. 44). 


The value of c, depends upon the ratio between the areas a 
and a@;. When a is small compared with ai, the value of c, may 
be taken at 0.62 as for orifices (Art. 44). When a is equal to ai, 
there is no contraction or expansion of the stream and c, is unity. 
Let d and d; be the diameters corresponding to the areas a and a1, 
and let r be the ratio of d to d;. Then experiments seem to in- 
dicate that an expression of the form 


=m+ 


IlI—? 
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gives the law of variation of c’swith r. Placing ¢, = 0.62 and 
ry =o gives one equation between m and n; placing ¢, = 1.00 
and r=r gives another equation; and the elution of these fur- 
nishes the values of mand. Thus is found 


0.0418 
If 


= 0.582 ats (77) 


from which approximate values of c, can be computed: 


for r=0.0 0.4 0.6 of 0.85 20.0.) ).0,05mErO 
6g 0-020 = 0.0414 50:07') 0.00° (0.72 0.70 0.86 1.00 


from which intermediate values may often be taken without the 
necessity of using the formula. 


For a case of gradual contraction of section, such as shown in 
Fig. 75a, the loss of head is less than that given by formula (77),, 
and it can only be determined from three measured quantities 
by the help of the general formulas of Art. 75. If the change 
of section is made so that the stream has no subsequent enlarge- 
ment, loss of head is avoided; for, as the above discussions show, 
it is the loss in velocity due to sudden expansion which causes the 
loss of head. 


The loss due to sudden contraction of a tube or pipe is often 
much smaller than that due to sudden expansion. For instance, let 
the diameter of the large section be three times that of the smaller, 
and the velocity in the large section be 2 feet per second, then the loss 
of head which occurs when the flow passes from the small to the 
large section is, by Art. 76, 


h’ = 0,01555(18 — 2)” = 4.0 feet 


But if the flow occurs in the opposite direction, the ratio r is 3, the co- 
efficient c’ is about 0.64, and the loss of head is 


= 0.01555 oa 1) 38° = TO feet 
0.6 


When, however, the ratio 7 is higher than 0.77, the loss due to sudden 
contraction is greater than that due to sudden expansion. Thus, if 
the diameter of the small section be nine-tenths that of the large one 
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and the velocity in the large section be 2 feet per second, the loss of 
head when the flow passes from the small to the large section is 


2 
arLpawruwn hl = 0.01555( 55: = :) 2? = 0,0034 feet 
i aa “ XO8t 


But if the flow occurs in the opposite direction, the ratio ris 0.9, the 
coefficient c’ is 0.79, and the loss of head is 


vc h’ = 0.01555( — 1) 2.47" = 0.0066 feet 
0.79 


As formula (77), is an empirical one the results derived from it are tc 
be regarded as approximate. 

Prob. 77. _ Compute the loss of head when a pipe which discharges 1.57 
cubic feet per second suddenly diminishes in section from 12 to 6 inches in 
diameter. 


Art. 78. THe STANDARD SHORT TUBE 


An adjutage is a tube inserted into an orifice, and the short- 
tube adjutage, consisting of a cylinder whose length is about 
three times its diameter, is the most common form. For 
convenience it will be called the standard short tube, because 
its theory and coefficients form a starting-point with which all 
other adjutages may be compared. ‘This short tube is of little 
value for the measurement of water, since the coefficients for 
standard orifices are much more definitely known. ‘The discus- 
sion here given is for the case where the inner edge is a sharp, 
definite corner like that of the standard orifice (Art. 43). When 
the tube is only two diameters in length, the stream passes through 
without touching it, as in 
Fig. 78a, and the discharge 
is the same as from the 
orifice. When it is length- 
ened sufficiently, the 
stream expands and fills 
the tube, as in Fig. 788, 
and the discharge is much increased. By observations on glass 
tubes it is seen that the stream usually contracts after leaving 
the inner end of the tube and then expands. This contraction 


Fig. 78a. Fig. 788. 


The Standard Short Tube. Art. 78 185 


may be apparently destroyed by agitating the water or by strik- 
ing the tube, and the entire tube is then filled, yet if a hole is 
_ bored in the tube near its inner end, water does not flow out, but 
air enters, showing that a negative pressure exists. 


An estimate of the velocity and discharge from this short- 
tube adjutage may be made as follows: Let / be the head on the 
inner end of the tube and 9 the velocity of the outflowing water. 
The head h equals the velocity-head v*/2g plus all the losses of 
head. At the inner edge a loss of 0.11 v?/2g occurs in entering 
_ the tube, as in the standard orifice (Art. 56), and then there is 
-a loss of (v’ — v)?/2g when the contracted stream suddenly ex- 
pands so that its velocity v’ is reduced to v (Art. 76). If a’ 
and a are the areas of these two sections, their ratio a’/a is the 
coefficient of contraction c. Then 


b=oxr® + (2-1) = eo 
Do ae NC. 2g 2g 
Now, taking for c, its mean value 0.62, this equation reduces 
to v = 0.82 V2gh, or the coefficient of velocity of the issuing 
jet is 0.82. Since the cross-section of the stream at the outer 
end of the tube is the same as that of the tube, the coefficient 
of contraction for that end is unity, and hence (Art. 46) the mean 
value of the coefficient of discharge is also 0.82. 


While this theoretic discussion does not take account of losses 
due to the small frictional resistances along the sides of the tube 
after the stream has expanded, the mean results of the experi- 
ments of Venturi and Bossut give closely the same coefficient. 
Hence both theory and practice agree in establishing as an aver- 
age value for the short tube, 


Coefficient of discharge c = 0.82 


This coefficient, however, ranges from 0.83 for low heads to 0.79 
for high heads. It is greater for large tubes than for small ones, 
its law of variation being probably the same as for orifices (Art. 
47), but sufficient experiments have not been made to state defi- 
nite values in the form of a table. 
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A standard orifice gives on the average about 61 percent of 
the theoretic discharge, but by the addition of a tube this may 
be increased to 82 percent. The velocity-head of the jet from 
the tube is, however, much less than that from the orifice. For, 
let v be the velocity and / the head, then (Art. 45) for the standard 


orifice v=0.98 V2gh or v?/2g =0.96h 
and similarly for the standard tube 
y=0.82V2gh or v?/2g=0.67h 


Accordingly the velocity-head of the stream from the standard 
orifice is 96 percent of the theoretic velocity-head, and that of 
the stream from the standard tube is only 67 percent. Or 
if jets are directed vertically upward from a standard orifice and 
tube, as in Fig. 78c, that from the former rises to the height 0.96 h, 

————— while that from the latter rises 
to the height 0.67 h, where h is 
the head measured downward 
from the surface of water in 
the reservoir to the point of 
exit from the orifice. 


0.96 lv 


The energy: lost in the 
stream from the standard ori- 
fice is hence 4 percent of the 
theoretic energy, but 33 per- 
cent is lost in the stream from 
the standard tube. In reality energy is never lost, but is merely 
transformed into other forms of energy. In the tube the one- 
third of the total energy which has been called lost is only lost 
because it cannot be utilized as work; it is, in fact, transformed 
into heat, which raises the temperature of the water. The above 
explanation shows that most of this loss is due to impact re- 
sulting from sudden expansion of the stream. 


The loss of head in the flow from the short tube is large, but 
not so large as might be expected from theoretical considerations 
based on the known coefficients for orifices. When the tube has 
a length of only two diameters, the water does not touch its 
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inner surface, and the flow occurs as from a standard orifice. 
The velocity in the plane of the inner end is then 61 percent of 
the theoretic velocity, since the mean coefficient of discharge 
is 0.61. Now when the tube is sufficiently increased in length, 
its outer end will be filled, and if the contraction still exists, it 
might be inferred that the coefficient for that end would be 
also 0.61; this would give a velocity-head of (0.61)? h or 0.37 h, <« 


so that the loss of head would be 0.63 #. Actually, however, the bo 


coefficient is found to be 0.82 and the loss of head only 0.33 h. 
It hence appears that further explanation is needed to account 
for the increased discharge and energy. 


In the first place, a loss of about 0.04 # occurs at the inner end 
of the tube in the same manner as in the standard orifice, and only 
the head 0.96 / is then available for the subsequent phenomena. 
Tf the coefficient c, for the contracted section has the value 0.62, 
the velocity in that section is 


v= oe WV 2gh = 1.32-V 2gh 
O. 


and the velocity-head for that section is 
y?2/og=1.75h 
and consequently the pressure-head in that section is 
O10 h—1.75h=—0.790h 


There exists therefore a negative pressure or partial vacuum near 
the inner end of the tube which is sufficient to lift a column of 
water to a height of about three-fourths the head. This conclu- 
sion has been confirmed by experiment for low heads, and was 
in fact first discovered experimentally by Venturi. For high 
heads it is not valid, since in no event can atmospheric pressure 
raise a column of water higher than about 34 feet (Art. 4) ; prob- 
ably under high heads the coefficient of contraction of the stream 
in the tube becomes much greater than 0.62. 

The cause of the increased discharge of the tube over the 


orifice is hence a partial vacuum, which causes a portion of the 
atmospheric head of 34 feet to be added to the head /, so that the 
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flow at the contracted section occurs as if under the head h+ fy. 
The occurrence of this partial vacuum is attributed to the fric- 
tion of the water on the air. When the flow begins, the stream 
is surrounded by air of the normal at- 
mospheric pressure which is imprisoned 
as the stream fills the tube. The friction 
of the moving water carries some of this 
air out with it, thus rarefying the re- 
maining air. This rarefaction, or nega- 
tive pressure, is followed by an increased 
velocity of flow, and the process con- 
tinues until the air around the contracted 
section is so rarefied that no more is re- 
moved, and the flow then remains per- 
manent, giving the results ascertained 
by experiment. The partial vacuum causes neither a gain nor 
loss of head, for although it increases the velocity-head at the 
contracted section to 1.75 h, there must be expended 0.79 h in 
order to overcome the atmospheric pressure at the outer end of 
the tube. The experiments of Buff have proved that in an 
almost complete vacuum the discharge of the tube is but little 
greater than that of the orifice.* 


Prob. 78. When the coefficient of contraction for the contracted sec- 
tion is 0.70, find the probable coefficient of discharge and also the negative 
pressure-head. 


v. Art. 79. ContcaL CONVERGING TUBES 


Conical converging tubes are used when it is desired to obtain 
a high efficiency in the energy of the stream of water. At A, F ig. 
79, is shown a simple converging tube, consisting of a frustum of 
a cone, and at Bis a similar frustum provided with a cylindrical 
tip. The proportions of these converging tubes, or mouthpieces, 
vary somewhat in practice, but the cylindrical tip when em- 
ployed is of a length equal to about 2} times its inner diameter, 
while the conical part is eight or ten times the length of that 


* Annalen der Physik und Chemik, 1839, vol. 46, p. 242. 
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diameter, the angle at the vertex of the cone being between 
' 10 and 20 degrees. 


The stream from a conical converging tube like A suffers 
a contraction at some distance beyond the end. The coefficient 
of discharge is higher than 
that of the standard tube, 
being generally between 0.85 
and 0.95, while the coefficient 
of velocity is higher still. 
Experiments made by d’Au- 
buisson and Castel on conical 
converging tubes 0.04 meters long ando.o1 55 meters in di- 
ameter at the small end, under a head of 3 meters, furnish 
the coefficients of discharge and velocity given in Table 79. 


TABLE 79. COEFFICIENTS FOR CONICAL TUBES 


Discharge Velocity Contraction 
c 
¢ 


-¢ 
0 


Angle of Cone 


0.829 0.829 
.866 .867 
912 .QIO 
-930 +932 
938 O51 
.946 -963 
-938 -O71 
-Q19 972 
805 975 
847 .984 


The former of these was determined by measuring the actual dis- 
charge (Art. 46), and the latter by the range of the jet (Art. 45). 
The coefficient of contraction as computed from these is given in the 
last column, and this applies to the jet at the smallest section, 
some distance beyond the end of the tube. While these values 
show that the greatest discharge occurred for an angle of about 
132, they also indicate that the coefficient of velocity in- 
creases with the convergence of the cone, becoming about equal 
to that of a standard orifice for the last value. Hence the table 
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seems to teach that a conical frustum does not usually give as 
high a velocity as a standard orifice. 


Under very high heads, over 300 feet, Hamilton Smith found 
the actual discharge to agree closely with the theoretical, or the 
coefficient of discharge was nearly 1.0, and in some cases slightly 
greater.* His tubes were about o.9 feet long, o.1 feet in diameter 
at the small end and.o.35 feet at the large end, the angle of 
convergence being 17°. As these figures indicate a contrac- 
tion of the jet beyond the end, it cannot be supposed that the 
coefficient of discharge in any case was really as high as his ex- 
periments indicate. Under these high heads the cylindrical 
tip applied to the end of a tube produced no effect on the dis- 
charge, the jet passing through without touching its surface. 

Prob. 79. When the coefficient of discharge of a tube is 0.98 and the 


coefficient of velocity of the jet is 0.995, compute the coefficient of contrac- 
tion of the jet. 


ArT. 80. InNwarp PRojecTING TUBES 


Inward projecting tubes, as a rule, give a less discharge than 
those whose ends are flush with the side of the reservoir, due to 
the greater convergence of the lines of direction of the filaments 
of water. At A and B, Fig. 80, are shown inward projecting 
tubes so short that the water merely touches their inner edges, 
and hence they may more properly be called orifices. Experi- 
ment shows that the case at A, where the sides of the tube are 
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Fig. 80. 


normal to the side of the reservoir, gives the minimum coefficient 
of discharge ¢ = 0.5, while for B the value lies between o. 5 and 
that for the standard orifice at C. The inward projecting cylin- 
drical tube at D has been found to give a discharge of about 
72 percent of the theoretic discharge, while the standard tube 


* Hydraulics (London and New York, 1886), p. 286. 
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(Art. 78) gives 82 percent. For the tubes E and F the coefficients 
depend upon the amount of inward projection, and they are 
much larger than 0.72 for both cases, when computed for the 
area of the smaller end. 

It is usually more convenient to allow a water-main to pro- 
ject inward into the reservoir than to arrange it with its mouth 
flush to a vertical side. The case D, in Fig. 80, is therefore of 
practical importance in considering the entrance of water into 
the main. As the end of such a main has a flange, forming a 
partial bell-shaped mouth, the value of c is probably higher 
than 0.72. The usual value taken is 0.82, or the same as for the 
standard tube. Practically, as will be seen later, it makes little 
difference which of these is used, as the velocity in a water-main 
is slow and the resistance at the mouth is very small compared 
with the frictional resistances along its length. 

Prob. 80. Find the coefficient of discharge for a tube whose diameter 


is one inch when the flow under a head of 9 feet is 22.1 cubic feet in 3 minutes 
and 30 seconds. 


Art. 81. DIVERGING AND COMPOUND TUBES 


In Fig. 81 is shown a diverging conical tube, BC, and two 
compound tubes. The compound tube ABC consists of two 
cones, the converging one, AB, be- 
ing much shorter than the diverg- 
ing one, BC, so that the shape 
roughly approximates to the form 
of the contracted jet which issues 
from an orifice in a thin plate. 
In the tube AE the curved con- 
verging part AB closely imitates 
the contracted jet, and BB is a 
short cylinder in which all the 
filaments of the stream are sup- 
posed to move in lines parallel to 
the axis of the tube, the remaining part being a frustum of a 
cone. The converging part of a compound tube is often called 
a mouthpiece and the diverging part an adjutage. 
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Many experiments with these tubes have shown the inter- 
esting fact that the discharge and the velocity through the small- 
est section, B, are greater than those due to the head; or, in 
other words, that the coefficients of discharge and velocity for 
this section are greater than unity. One of the first to notice 
this was Bernouilli in 1738, who found c = 1.08 for a diverging | 
tube. Venturi in 1791 experimented on such tubes, and showed 
that the angle of the diverging part, as also its length, greatly 
influenced the discharge. He concluded that ¢ would have a 
maximum value of 1.46 when the length of the diverging part 
was nine times its least diameter, the angle at the vertex of. the 
cone being 5° 06’. Eytelwein found ¢ = 1.18 for a diverging 
tube like BC in Fig. 81, but when this tube was used as an ad- 
jutage to a mouthpiece AB, thus forming a compound tube ABC, 
he found ¢.= 1.55. 


The experiments of Francis in 1854 on a compound tube like 
ABCDE are very interesting.* The curve of the converging 
part AB was a cycloid, BB was a cylinder, and the diameters at 
A, B,C, D, and E were 1.4, 0.102, 0.145, 0.234, and O321m eer 
The piece BB was o.1 feet long, and the others each 1 foot ; 
these were made to screw together, so that experiments could 
be made on different lengths. A sixth piece, EF, not shown in 
the figure, was also used, which was a prolongation of the diverg- 
ing cone, its largest diameter being 0.4085 feet. The tubes were 
cast iron, and quite smooth. The flow was measured with the 
tubes submerged, and the effective head varied from about 0.01 
to 1.5 feet. Excluding heads less than o.1 feet, the following 
shows the range in value of the coefficients of discharge: 


c for Section BB ¢ for Outer End 
for tube AB, 0.80 to 0.94 0.80 to 0.94 
for tube AC, 1.43 to 1.59 0.70 to 0.78 
for tube AD, 1.98 to 2.16 0.37 to 0.41 
for tube AF, 2.08 to 2.43 0.21 to 0.24 
for tube AF, 2.05 to 2.42 O.1 3,100.08 


* Lowell Hydraulic Experiments, 4th Edition, pp. 209-232. 
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The maximum discharge was thus found to occur with the tube 
AE, and to be 2.43 times the theoretic discharge that would be 
expected for the small section BB. In general the coefficients 
increased with the heads, the value 2.08 being for a head of o.1 a 
feet and 2.43 for a head of 1.36 feet; for 1.39 feet, however, c 
was found to be 2.26. 


These coefficients of discharge are the same as the coefficients 
of velocity, since the tube was entirely filled. Thus, when the 
coefficient for the section BB was 2.43, the velocity was 


v = 2.43 V2¢h, 
ae the velocity-head was 
v?/2g = (2.43)*hk = 5.90h 

Therefore the flow through the section BB was that due to a head 
5.9 times greater than the actual head of 1.36 feet; or, in other 
words, the energy of the water flowing in BB was 5.9 times the 
theoretic energy. Here, apparently, is a striking contradic- 
tion of the fundamental law of the conservation of energy. 
The explanation of this apparent contradiction is the same as 
that given in Art. 78 for the short-tube adjutage. The increased 
velocity and discharge is due to the occurrence of a partial vac- 
uum near the inner end of the adjutage BC. ‘The pressure of the 
atmosphere on the water in the reservoir thus increases the hydro- 
static pressure due to the head, and the increased flow results. 
The energy at the smallest section is accordingly higher than the 
theoretic energy, but the excess of this above that due to the head 
must be expended in overcoming the atmospheric pressure on 
the outer end of the tube; so that in no case does the available 
exceed the theoretic energy. No contradiction of the law of 
conservation therefore exists. 


To render this explanation more definite, let the extreme case be 
considered where a complete vacuum exists near the inner end of the 
adjutage, if that were possible, as it perhaps might be with a tube of 
a certain form. Let # be the head of water in feet on the center of 
the smallest section. The mean atmospheric pressure on the water 
in "the reservoir is equivalent to a head of 34 feet (Art. 4). Hence 
the total head which causes the discharge into the vacuum is h+ 34 
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and the velocity of flow is nearly Va2e(h+ 34). Neglecting the re- 
sistances, which are very slight if the entrance is curved, the coefficients 
of velocity and discharge can now be found; thus: 


for = 100, v=V 2g X 134 = 1.16 V 2gh 
for h= 10, y=V2eX 44= 2.10°V 2gh 
LOL sue, y=V2gX 35 = 5.92 2gh 


The coefficient hence increases as the head decreases. That this is 
not the case in the above experiments is undoubtedly due to the fact 
that the vacuum was only partial, and that the degree of rarefaction 
varied with the velocity. The cause of the vacuum, in fact, is to be 
attributed to the velocity of the stream, which by friction removes a 
part of the air from the inner end of the adjutage. 

It follows from this explanation that the phenomena of increased 
discharge from a compound tube could not be produced in the absence 
of air. The experiment has been tried on a small scale under the re- 
ceiver of an air-pump, and it was found that the actual flow through 
the narrow section diminished the more complete the rarefaction. 
It also follows that it is useless to state any value as representing, 
even approximately, the coefficient of discharge for such tubes. 

Prob. 81. Compute the pressure per square inch in the section BB of 


Francis’ tube when # = 1.36 feet and ¢ = 2.43. What is the height of the 
column of water that can be lifted by a small pipe inserted at BB? 


Art. 82. SUBMERGED TUBES 


As shown in Art. 51 the effective head which causes the flow 
through a submerged orifice or tube is the difference in the level 
of the water above and below 
the orifice or tube. This dif- 
ference h, as in Fig. 82, also 
represents the loss of head oc- 
casioned by the flow through 
the tube. The discharge 
through a submerged tube is 
probably somewhat less than that from the same tube when dis- 
charging freely into the air. Stewart,* at the laboratory of the 


Fig. 82. 


* Engineering Record, Sept. 28, 1907. 
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University of Wisconsin, experimented on large submerged tubes 
from 4 feet by 4 feet square. These tubes varied in length 
from 0.3 to 14.0 feet, while the heads # ranged from o.0s to 
0.30 feet. Experiments. were made under various conditions of 
entrance by placing at the mouth of the tubes an elliptical 
mouthpiece as shown in Fig. 82. This mouthpiece was made 
in four parts, and after experiments with the straight square- 
edged tube had been run, others with the bottom of the mouth- 
piece in place, with the bottom and one side, with the bottom and 
two sides, and with all four of its parts in position were made. 


In the following table are shown the results of these experi- 
ments; the coefficients in the first line opposite each head being 
those for the square-edged tube, while those in the second line 
are for the same tube with the full elliptical mouthpiece in posi- 
tion as shown. 

TABLE 82. COEFFICIENTS FOR SUBMERGED TUBES 


Length of Tube in Feet 


2.50 5.00 


From an inspection of these results it appears that the coeffi- 
cients for the square-edged tubes increase both with the head and 
with the length of the tube, while for the tubes fitted with the 
mouthpiece they increase with the head but decrease with the 
length of the tube. This behavior is readily explained if it 
be remembered that the larger quantities carried with the mouth- 
piece in position must cause more friction and so cause a reduction 
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in the effective head. The length of the square-edged tubes 
experimented on was evidently not sufficient to cause the friction 
in them to overcome the tendency to greater discharge due to 
contraction at entrance and subsequent expansion in the tube. 

Prob. 82. What will be the discharge through a submerged square- 
edged tube 5 feet by 4 feet in section and 1o feet long, when the difference 
between the water levels above and below it is 0.5 feet ? 


ArT. 83. NOZZLES AND JETS 


For fire service two forms of nozzles are in use. The smooth 
nozzle is essentially a conical tube like A in Fig. 79, the larger 
end being attached to a hose, but it is often provided with a cylin- 
drical tip and sometimes the larger end is curved, as shown in 
Fig. 83a. The ring nozzle is a similar tube, but its end is con- 


Fig. 83a. Fig. 830. 


tracted so that the water issues through an orifice smaller than 
the end of the tube. The experiments of Freeman show that the 
mean coefficient of discharge is about 0.97 for the smooth nozzle 
and about 0.74 for the ring nozzle.* The smooth nozzle is used 
much more than the ring nozzle. 


Let d be the diameter of the pipe or hose and D the diameter 
of the outlet at the end of the nozzle, and let v and V be the cor- 
responding velocities. Let ; be the pressure-head at the en- 
trance to the nozzle; then the effective head at the entrance to 
the nozzle is 2 
ge yee 

2§ 
and the velocity at the end of the nozzle is V =c, V 2¢H, where 
¢, is the coefficient of velocity. The reasoning of Art. 50 applies 
here, if the ratio D*/d? is used in place of a/A, and Jy in place 


of #, and hence Se 
Vee (oe 
t—¢(D/d)* 


* Transactions American Society of Civil Engineers, 1889, vol. 21, pp. 303-482. 
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is the velocity of flow from the nozzle, c¢ being the coefficient of 
discharge. The discharge per second is, from formula (50)s, 


on 9 2 hy 
q = 0.7854D tt G/o? a6 Jo » (83) 


The effective head at the nozzle entrance is 


and the velocity-head of the issuing jet is 
: We = Coy i 
2g 1—c(D/d)4 
which gives the height to which the jet would rise if there were 
no atmospheric resistances. In these formulas D/d is an ab- 
stract number, and to find its value D and d may be taken in any 
unit of measure. 


When /, and D are in feet, g is to be taken as 32.16 feet per 
second per second. Then (83); gives V in feet per second and 
(83)2 gives g in cubic feet per second. When the gage at the nozzle 
entrance gives the pressure ~; in pounds per square inch, / in 
feet is found from 2.3041. It is a common practice in figuring 
on fire-streams to compute the discharge in gallons per minute. 
For this case, if D is taken in inches, 


= 2 pi 
a= 2080 V Gir ya 
gives the discharge in gallons per minute. 

For smooth nozzles the value of the coefficient of velocity 
c, is the same as that of the coefficient of discharge c, since the jet 
issues without contraction. The experiments of Freeman fur- 
nish the following mean values of the coefficient of discharge for 
smooth cone nozzles of different diameters under pressure-heads 
ranging from 45 to 180 feet: 


Diameter in inches = 7 re I 1 rt 12 
Coefficient c = 0.983 0.982 0.972 0.976 0.971 9.959 


These values were determined by measuring the pressure (1 
and the discharge g, from which ¢ can be computed by the last 
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formula. For example, a nozzle having a diameter of .£.oo1 
inches at the end and 2.50 inches at the base discharged 208.5 
gallons per minute under a pressure of 50 pounds per square 
inch at the entrance. Here D = 1.001, d = 2.5, pi = 50, and 
q = 208.5, and inserting these in the formula and solving for 
c, there is found ¢ = 0.971. 


In ring nozzles the ring which contracts the entrance is usually 
only # or # inch in width. The effect of this is to diminish the 
discharge, but the stream is sometimes thrown to a slightly greater 
height. On the whole, ring nozzles seem to have no advantage 
over smooth ones for fire purposes. As the stream contracts 
after leaving the nozzle, the coefficient of velocity c, is greater 
than the coefficient of discharge c. The value of c being about 
0.74, that of c, is probably a little larger than 0.97. In using 
(83)1 for ring nozzles these values of c, and c should be inserted, 
but in using (83). only the value of c is needed. 


According to Freeman’s experiments, the discharge of a 
#-inch ring nozzle is the same as that of a ?-inch smooth nozzle, 
while the discharge of a 1f-inch ring nozzle is about 20 percent 
greater than that of a 1-inch smooth nozzle. The heights of 
vertical jets from a 14-inch ring nozzle are about the same as those 
from a 1-inch smooth nozzle, while the jets from a 12-inch 
ring nozzle are slightly less in height than those from a 14-inch 
smooth nozzle. 


The vertical height of a jet from a nozzle is very much less, 
on account of the resistance of the air, than the value deduced 
above for V?/2g. For instance, let a smooth nozzle 1 inch in 
diameter attached to a 2.5-inch hose have c = 0.97 and the pres- 
sure-head /, = 230 feet ; then the computation gives the velocity- 
head V?/2g as 221 feet, whereas the average of the highest drops 
in still air will be about 152 feet high and the main body of water 
will be several feet lower. Table 83, compiled from the results 
of Freeman’s experiments, shows for three different smooth 
nozzles the height of vertical jets, column A giving the heights 
reached by the average of the highest drops in still air, and column 
B the maximum limits of height as a good effective fire-stream 
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TABLE 83. VERTICAL JETS From SmootH Nozz.eEs 


Tadicated From ?-inch Nozzle From 1-inch Nozzle From r}-inch Nozzle 

Pressure at 

Entrance i 
fouNoozle Height in Feet Dis- Height in Feet Dis- Height in Feet Dis- 

Bounds oer charge charge charge 

Sciare one een 2 ONS | allons | Gallons 

ne per per 
ch Minute A Minute Minate 


$2 93 

73 

go 161 
104 
116 
127 
137 
147 
156 
164 


with moderate wind. The discharges given depend only on the 
pressure, and are the same for horizontal as for vertical jets. 


The maximum horizontal distance to which a jet can be thrown 
is also a measure of the efficiency of a nozzle. The following, 
taken from Freeman’s tables, gives the horizontal distances at 
the level of the nozzle reached by the average of the extreme 
drops in still air. The practical horizontal distance for an effective 
fire-stream is, however, only about one-half of these figures. 

Pressure at nozzle entrance, 20 40 60 £80 too pounds, 
From 23-inch smooth nozzle, 72 112 136 153 167 feet. 


From r-inch smooth nozzle, 77 133 167 189 205 feet. 
From 11-inch smooth nozzle, 83 148 186 213 236 feet. 


From 14-inch ring nozzle, Ou 13 se LOAW LOO e202; 1eet, 
From 14-inch ring nozzle, Sui OMe 72 TOO mee DSiteets 
From 13-inch ring nozzle, 79 144 180 206 227 feet. 


The ball nozzle, often used for sprinkling, has a cup at the end of 
the nozzle and within the cup a ball, so that the jet issuing from the 
tip of the nozzle is deflected sidewise in all directions. This apparatus 
exhibits a striking illustration of the principle of negative pressure, 
for the ball is not driven away from the tip, but is held close to it by 
the atmospheric pressure, the negative pressure-head being caused by 
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the high velocity of the sheet of water around the ball. The cup is 
usually so arranged that the ball cannot be driven out of it, for this 
might occur under the first impact of the jet, but when the flow has 
become steady, there is no tendency of this kind, and the ball is seen 
slowly revolving upon the cushion of water without touching any part 
of the cup. 

Prob. 83. A nozzle 12 inches in diameter attached to a play-pipe 23 
inches in diameter discharges 310.6 gallons per minute under an indicated 
pressure of 30 pounds per square inch. Find the velocity of the jet and the 
coefficient 41. 0.963 


Art. 84. Lost HEAD IN Lonc TUBES 


When water issues from an orifice, tube, pipe, or nozzle 
with the velocity v, its velocity-head is v?/2g, and it is only this 
part of the total effective head / that can be utilized for the pro- 


duction of work. The lost head then is 
Los ? 
2g 
Now if c; is the coefficient of velocity for the section where the 
discharge occurs, the velocity v is given by c; V2gh, and hence 
I oe 
h’ = eS He (84), 
is a general expression for the lost head in terms of the velocity- 
head. For the standard orifice (Art. 45), the mean value of c, 
is 0.98 and for an orifice perfectly smooth ¢, is 1.00; hence 
from (84), 


2 
h’=004% and h' =o 
2g 
are the losses of head for these two cases. 


For the standard short cylindrical tube (Art. 78) the value 
of c, is about 0.82, and the loss of head is 


’ I v v 
tig oe x, i) ay O40 oe 
For the inward projecting cylindrical tube (Art. 80) the value 
of + is about 0.72, and hence the loss of head is 


2 2 
it =( sie ae \F = poe 
Oun2z4 : 2g 093 Og 
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Accordingly the loss of head for the inward projecting tube is 
nearly equal to the velocity-head of the issuing stream, while 
_ that from the standard tube is about one-half the velocity-head. 


When a tube is longer than three diameters, it becomes a long 
tube or a pipe. Here the loss of head is much greater because 
the water meets with frictional resistances along the interior sur- 
face, and the longer the pipe, the greater is this resistance and the 
slower is the velocity. The formula (84), gives the total loss of 
head for this case also. For example, the experiments of Eytel- 
wein and others have given values of c, for the cases below, and 
from these the corresponding values of the total lost head have 
been computed. Let / denote the length of the pipe and d its 
diameter, the end connected with the reservoir being arranged 
like the standard tube; then 


for]=12d G =0.77 h’ = 0.69 v?/2g 

for] =36d c =0.67 h’ = 1.23 v?/2g 

for 1 = 60d Co = 0.60 W = 1.77 0'/22 
Now in each of these cases the amount 0.49 v?/2¢ is lost in enter- 
ing the tube and in impact, as in the standard short tube. Hence 


the loss of head in friction in the remaining length of the pipe 
is hk’ = h’ — 0.49?/2¢, or 


for | = 12d h’’ = 0.20 v?/2g 
for 1 = 36d Wh’ = 0.74 0"/2¢ 
for 1 = 60d hl!’ = 1.28 v?/2g 


which shows that the frictional losses increase with the length 
of the pipe. The length of the pipe in which the entrance losses 
occur is about 3d; hence if 3d be subtracted from each of the above 
lengths, the lengths in which the friction loss occurs are od: 33d; 
and s7d, and it is seen that the above losses of head in friction 
are closely proportional to these lengths. By these and many 
other experiments it has been shown that the loss of head in 
friction varies directly with the length of the pipe. 


The lost head has here been expressed in terms of the veloci: Ly- 
head, but it can also be expressed in terms of the total head h 
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that causes the flow. For, substituting in (84): the value of v 
given by cV 2agh, it reduces to 
h' = (1 —c*)h (84)> 
Thus, for the standard short tube h’ = 0.33; for the inward 
projecting tube h’ = 0.48 h, and for the above tube or pipe whose 
length is 60 diameters h’ = 0.64 h. 
Prob 84. Find the ratio of the kinetic energy in the jet from a standard 


orifice to that in the jet from a standard tube, the diameters of orifice and 
tube being the same. 


Art. 85. INCLINED TUBES AND PIPES 


The tubes discussed in this chapter have generally been re- 
garded as horizontal, but, if this is not the case, the formulas for 
velocity and discharge may be applied to them by measuring the 
head from the water level in the reservoir down to the center of 
the head of the pipe. Thus, for the nozzles of Art. 83, it is under- 
stood that the tip is at the same level as the gage which registers 
the pressure #; or the pressure-head /; if the tip be lower than 
the gage by the vertical distance d,, the true pressure-head to be 
used in the formula is i;-+d,; if it be higher, the true pressure- 
head is 4; — d;. Then the velocity-head v?/2g is to be measured 
upward from the tip of the nozzle. 


The theorem of Bernouilli, given in Art. 31, is true for inclined 
as well as for horizontal pipes under uniform flow, but it will be 
convenient to express it 
in a slightly different 
form. Let a; and a be 
two sections of a pipe 
where the velocities are 
v, and v, and the pres- 
sure-heads are /, and Jy, 
and let the flow be steady 
so that the same weight 
of water, W, passes each section in one second. Let MN be 
any horizontal plane lower than the lowest section, as for in- 
stance the sea level, and let e; and e be the elevations of ay 
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and a; above it. With respect to this plane the weight W at a 
has the potential energy Wei, the pressure-energy Wh, and the 
_kinetic energy W - v;°/2g, or the total energy is 


ed 
we, ReGate 2) 
28 
Similarly with respect to this plane the energy of W in a is 
2 
West he +2) 
28 
If no losses of energy occur between the two sections, these - 
expressions are equal, and hence 


2 
at ht = thn tm Sin GE) 


and hence the theorem of Bernouilli may be stated as follows: 


In any pipe, under steady flow without impact or friction, the 
gravity-head plus the pressure-head plus the velocity-head is a con- 
stant quantity for every section. 

Now let H; and Hy be the heights of the water levels in the piezom- 
eter tubes above the datum plane; then e; + / = Hy, and e, + Ip 
= H, and accordingly (85); becomes 


jie ope 85 
1 2; ( Je 
2g 2g 


or, the piezometer elevation for a; plus the velocity-head is equal 
to the sum of the corresponding quantities for any other section. 


This theorem belongs to theoretical hydraulics, in which 
frictional resistances are not considered. Under actual conditions 
there is always a loss of energy or head, so that when water flows 
from a, to ds, the first member of the above equation is larger than 
the second. Let Wh’ be the loss in energy, then this is equal to 
the difference of the energies in a; and a; with respect to the 
datum plane, and 

Cifye, De 


W’ =(e.+h)—(e+h)+ 
ag 2g 


or ee Ha (85)s 
2§ 28 
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that is, the lost head is equal to the difference in level of the water 
surfaces in the piezometer tubes plus the differences of the veloc- 
ity-heads. When the pipe is of the same size at the two sections, 
the velocities 2; and z,. are equal when the flow is uniform, and 
the lost head is simply 
h' =H,—-#H, (85) 4 
Piezometers or pressure gages hence furnish a very convenient 
method of determining the head lost in friction in a pipe of uni- 
form size. For a pipe of varying section the velocities 7; and 22 
must also be known, in order to use (85); for finding the lost head. 
Prob. 85. A large Venturi water meter placed in a pipe of 57.823 square 
feet cross-section had an area of 7.047 square feet at the throat. When 
the discharge was 54.02 cubic feet per second, the elevations of the water 


levels in the piezometers at a, and a2 in Fig. 38a were 99.858 and 98.951 
feet. Compute the loss of head between the two sections. 


ArT. 86. VELOCITIES IN A CROSS-SECTION 


Thus far the velocity has been regarded as uniform over the 
cross-section of the tube or pipe. On account of the roughness 
of the surface, however, the velocity along the surface is always 
smaller than that near the middle of the cross-section. There 
appears to be no theoretical method of finding the law which 
connects the velocity of a filament with its distance from the 
center of the pipe, and yet it is probable that such a law exists. 
The mean velocity is evidently greater than the velocity at the 
surface and less than the velocity at the middle, and if the position 
of a filament were known whose velocity is the same as the mean 
velocity, a Pitot tube (Art. 41) with its tip 
at that position would directly measure 
D the mean velocity. 


Let Fig. 86a be a longitudinal section 
of a pipe, and let AB be laid off to repre- 
sent the surface velocity v, and CD to represent the central ve- 
locity %. Then the velocity » at any distance y from the axis 
will be an abscissa parallel to the axis and limited by the line AC 
and the curve BD. Suppose this curve to be a parabola whose 


Fig. 86a. 
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equation is y’ = mx, the origin being at D and x measured 
toward the left. When y is equal to the radius of the pipe 7, the 
value of x is v. — v, and hence m = 7?/(v, — v,). The velocity 
vy at the distance y above the axis is v, — x, and accordingly 

Uy === (Ve = 0) 97/97 (86); 
It thus is seen that the velocity at any distance from the axis 
cannot be found unless the surface and central velocities are 
known. The position of the filament having the same velocity 
as the mean velocity v can, however, be determined, since the 
mean velocity is the mean length of the solid of revolution whose 
section is shown by the broken lines. This solid consists of a 
cylinder having the volume zr’v, and a paraboloid having the 
volume 47r?(v,— vs), and the sum of these is $ar7(v, + v5). Divid- 
ing this by the area of the cross-section gives 3(v- + v.) as the 
value of the mean velocity, and inserting this for v, in the above 
equation there is found y = 0.717 for the ordinate of a filament 
whose velocity is the same as mean velocity v. If the parabolic 
curve gives the true law of variation of velocity, a Pitot tube 
with its tip placed 0.297 below the top of the pipe would measure 
the mean velocity directly. 

The first measurements of velocities of filaments were made by 
Freeman in 1888 with the Pitot tube.* They were on jets issuing 
from fire nozzles and also from a 14-inch tube under high velocities. 
For smooth nozzles the velocities were practically constant for 
a distance of 0.6r from the center, and then rapidly decreased, 
and the ratio of the surface velocity to the central velocity was 
about 0.77. For the pipe the velocities decreased quickly near 
the center, but more rapidly toward the surface. The velocity 
curve for the nozzle lies outside and that for the pipe lies within 
the parabolic curve represented by the equation (86). 

Bazin made experiments in 1893 on jets from standard ori- 
fices, using also the Pitot tube. He found the velocities near the 
center to be smaller than others within o.27 of the surface. Thus 

* Transactions American Society of Civil Engineers, 1889, vol. 21, p. 412. 
+ Experiments on the Contraction of the Liquid Vein. Trautwine’s 


translation, New York, 1896. 
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if vy =c,V 2gh, the following are some of his values of c, for a ver- 
tical circular and a vertical square orifice, # being always the head 


on the center. 


Meee Ores 0.0. 8-0/2) 60.0 = 012) a. 0mm Ore 
G= 0.68 O:0A8 04025 0.0 3"mOL04 C72 0.86 
Gu O27 0.67 0.64 0.64 0.65 OF i 0.82 


These are for velocities in the plane of the orifice, and he found 
similar variations for a section of the jet at a distance from the 
orifice of about one-half its diameter. 


Judd and King,* in their experiments on orifices (Art. 45), 
traversed the jets with a Pitot tube and found that at the con- 
tracted section the velocity in all parts of the jet was uniform. 


Cole, in 1897, made measurements of velocities in pipes,ft 
using the Pitot tube with a differential gage (Art. 37). For 
pipes 4, 6, and 12 inches in diameter he found the ratio of the mean 
velocity to the center velocity to range from o.g1 to 1.01, while 
for a 16-inch pipe he found it to range from 0.83 to 0.86. His 
velocity curves show that the surface velocity was 60 percent or 
more of the center velocity. 


Willams, Hubbell, and Fenkell, in 1899, made numerous 
measurements of velocities in water mains with the Pitot tube, 
and arrived at the conclusions that the ratio of the mean velocity 
to the central velocity was about 0.84, and that the surface velocity 
was about one-half the central velocity. These ratios agree with 
an ellipse better than with a parabola. Let the curve BD in Fig. 
86a be an ellipse having the semi-axes ED and BE, the ellipse 
being tangent to the pipe surface at B. As before, let AB repre- 
sent the surface velocity v, and CD the central velocity v,; then 
ED isv, — v, and BE is the radius r. The equation of the ellipse 
with respect to E as an origin is 


(uv, — 0,)°y? + 7?x? = (v, — v,)?r? 
* Engineering News, Sept. 27, 1906. 


} Transactions American Society of Civil Engineers, 1902, vol. 47, p. 276. 
f Transactions American Society of Civil Engineers, 1902, vol. 47, p- 63. 
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in which x is measured toward the right and y upward. The 
velocity v, at any distance y from the axis CD is v,+4, and 


-accordingly Vy = Ue +(Ve— 24) Wt — 2/2 (86)> 


Now the mean velocity is the mean length of the solid of revolu- 
tion formed by the cylinder whose volume is wr’z, and the semi- 
ellipsoid whose volume is $77?(v, — v,). The volume of the solid 
is hence wr?(2v, + 47.) and the mean velocity is v,+42,. Insert- 
ing this for v, in (86)2, there is found y = 0.757 for the position of 
the filament having the same velocity as the mean velocity, while 
the parabola gave y =0.71r. If v, is one-half of »,, the mean 
velocity under the elliptic law is $v, + $v, = 0.83v., while under 
the parabolic law it is 3, + 3%. = 0.750. 


Much irregularity is observed in velocity curves plotted from 
actual measurements, this being due to pulsations in the water 
and to errors of observations. The above experiments were 
on pipes having diameters of 12, 16, 30, and 42 inches and under 
velocities ranging from 0.5 to 7.5 feet per second; and they are 
a very valuable addition to the knowledge of this subject. The 
conclusion that 2, is one-half of v, is, however, one that appears to 
be liable to some doubt. The conclusion that the mean velocity 
y is about 0.842, appears well established, and a Pitot tube with 
its tip at the center of the pipe will hence determine a fair value 
of the mean velocity, several readings being taken in order to 
eliminate errors of observation. 


n 
o 
a 
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Fig. 860. 


In the case of fountain flow (Art. 87), Lawrence and Braun- 
worth * found that the velocities in the cross-section depend on 
whether or not the flow out of the top of the pipe occurs as In a 


* Transactions American Society of Civil Engineers, vol. 57. 
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jet or as over a weir. Thus, in Fig. 860 the velocity curves for a 
vertical 6-inch cast-iron pipe are shown for velocities ranging from 
2 to 17 feet per second. These velocities were obtained from the 
expression v = V 2gh, where h was measured by a Pitot tube. 

Prob. 86. Let v7 = 3 and = 6 feet per second. Plot the parabola 
from formula (86); and the ellipse from formula (86)>. 


Art. 87. FouNnTAIN FLOw 


When a stream of water rises and flows out of the top of a 
vertical pipe of diameter D, the flow, if the head H to which it rises 
above the top of the pipe is small, is practically the same as that 
over a thin-edged circular weir. As H increases there comes a 
transition period during which the character of the flow resembles 
neither that over a circular weir nor that of a jet. Lawrence and 
Braunworth * experimented on the fountain flow of water from 
pipes 2, 4, 6,9, and 12 inches in diameter. They measured the 
heads H both by means of a Pitot tube and by sighting on two 
rods and across the top of the pipe. The water discharged during 
the experiments was measured volumetrically. From the dis- 
cussion of these experiments the following formulas were deduced: 


g = 8.80 D!™7135 and g = 5.57 Di 9977053 


the first being for weir and the second for jet flow. Here D and H 
are in feet and q in cubic feet per second, H being measured by 
means of sighting across the top of the flow as above described. 


For cases in which the head H is measured with a Pitot tube 
the formulas deduced were 


g = 8.80 D129 Ff1.29 and q = 5.84 D?-925 F7 9.53 


the first of these, as before, being applicable to weir and the sec- 
ond to jet flow. 


In general the average results given by these formulas are 
correct within 3 percent for the jet condition, while for the condi- 
tion of the weir flow using the Pitot tube for the measurement 
of the head the average accuracy is within 4 percent. Single 


* Transactions American Society of Civil Engineers, vol. 575 Da 200. 
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measurements cannot be depended upon closer than to within 
about twice the above limits of accuracy. 


In the following table are shown the computed discharges in 
cubic feet per second for various sizes of pipes under various 
heads, the heads being observed by means of a Pitot tube. 


TABLE 87: DISCHARGES IN Cusic FEET PER SECOND FOR 
FountTAIn FLtow From VERTICAL PrpEs 


Diameter of Pipe in Inches 


In the above table the condition of weir flow obtains for all figures 
above the upper horizontal lines, the condition intermediate between 
weir and jet flow holds for all figures between the two sets of horizon- 
tal lines, while that of jet flow obtains for all figures below the second set 


of horizontal lines. 


At the point where the condition of weir flow changes to that of 
jet flow both of the above equations should theoretically hold true. 
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By equating the second members of these equations the critical head 
at which the nature of the flow changes is found to be about 0.6 D for 
all values of H between o.1 and 3.0 feet. Practically, however, the 
exact point at which the change occurs cannot be exactly determined. 

Prob. 87. Compute the flow from a vertical pipe 14 inches in diameter 
when the head above the top of the pipe, as measured by a Pitot tube, is 
0.04 feet. Also compute the discharge when the head is 7.6 feet. 


Art. 88. CompuTATIONS IN METRIC MEASURES 


Nearly all the formulas of this chapter are rational and may be 
used in all systems of measures. In the metric system lengths are to 
be taken in meters, areas in square meters, velocities in meters per 
second, discharges in cubic meters per second, and using for the accel- 
eration constants the values given in Table 9c. 


(Art. 83) The coefficients of discharge and velocity for smooth 
fire nozzles 2.0, 2.5, 3.0, and 3.5 centimeters in diameter are 0.983, 
0.972, 0.973, and 0.959, respectively. In using the formula (83), 
the values of d and /, should be taken in meters, but in finding the 
ratio D/d the values of D and d may be in centimeters or any other 
convenient unit. The constant g being 9.80 meters per second, the 
discharge g will be in cubic meters per second. When it is desired to 
use the gage reading , in kilograms per square centimeter and to 
take D in centimeters, the formula 


= 6+.96¢, (ee 
Seo ND 
may be used for finding the discharge in liters per minute. 


Prob. 88a. Compute the loss of head which occurs when a pipe, dis- 
charging 18.5 cubic meters per second, suddenly enlarges in diameter from 
1.25 to 1.50 meters. 


Prob. 88). Find the coefficient of discharge for a tube 8 centimeters 
in diameter when the flow under a head of 4 meters is 18.37 cubic meters in 
5 minutes and 15 seconds. 


Prob. 88c. Compute the discharge from a smooth nozzle 2.5 centimeters 
in diameter, attached to a hose 7.5 centimeters in diameter, when the pres- 
sure at the entrance is 5.2 kilograms per square centimeter, : 
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CHAPTER 8 
FLOW OF WATER THROUGH PIPES 


Art. 89. FUNDAMENTAL IDFAS 


Pipes made of clay were used in very early times for convey- 
ing water. Pliny says that they were two digits (0.73 inches) in 
thickness, that the joints were filled with lime macerated in oil, 
and that a slope of at least one-fourth of an inch in a hundred 
feet was necessary in order to insure the free flow of water.* The 
Romans also used lead pipes for conveying water from their aque- 
ducts to small reservoirs and from the latter to their houses. 
Frontinus gives a list of twenty-five standard sizes of pipes,t 
varying in diameter from 0.9 to g inches, which were made by 
curving a sheet of lead about ten feet long and soldering the 
longitudinal joint. The Romans had confused ideas of the laws 
of flow in pipes, their method of water measurement being by 
the area of cross-section, with little attention to the head or pres- 
sure. They knew that the areas of circles varied as the squares 
of the diameters, and their unit of water measurement was the 
quinaria, this being a pipe 1} digits in diameter; then the denaria 
pipe, which had a diameter of 23 digits, was supposed to deliver 
4 quinarias of water. 

In modern times lead pipes have also been used for house 
service, but these are now largely superseded by either iron pipes 
or iron pipes lined with lead or tin. For the mains of city water 
supplies cast-iron pipes are most common, and since 1890 steel- 
riveted pipes have come into use for large sizes. Lap-welded 
wrought-iron or steel pipes are used in some cases where the pres- 
sure is very high, and large wooden stave pipes are in use in the 
western part of the United States. 


* Natural History, book 31, chapter 31, line 5. 
{ Herschel, Water Supply of the City of Rome (Boston, 1899), p. 36. 
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The simplest case of the flow of water through a pipe is that 
where the diameter of the pipe is constant and the discharge occurs 
entirely at the open end. This case will be discussed in Arts. 
90-99, and afterwards will be considered the cases of pipes of 
varying diameter, a pipe with a nozzle at the end, and pipes with 
branches. Most of the principles governing the simple case 
apply with slight modification to the more complex ones. Pipes 
used in engineering practice range in diameter from % inch up to 
10 feet or more. 


The phenomena of flow for this common case are apparently 
simple. The water from the reservoir, as it enters the pipe, meets 
with more or less resistance, depending upon the manner of con- 
necting, as in tubes (Art. 80). Resistances of friction and cohe- 


Fig. 89a. Fig. 890. 


sion must then be overcome along the interior surface, so that the 
discharge at the end is much smaller than in the tube (Art. 84). 
When the flow becomes steady, the pipe is entirely filled through- 
out its length; and hence the mean velocity at any section is the 
same as that at the end, since the size is uniform. This velocity 
is found to decrease as the length of the pipe increases, other 
things being equal, and becomes very small for great lengths, 
which shows that nearly all the head has been lost in overcoming 
the resistances. The length of the pipe is measured along its 
axis, following all the curves, if there be any. The velocity con- 
sidered is the mean velocity, which is equal to the discharge di- 
vided by the area of the cross-section of the pipe. The actual 
velocities in the cross-section are greater than this mean near the 
center and less than it near the interior surface of the pipe, the 
law of distribution being that explained in Art. 86. 


The object of the discussion of flow in pipes is to enable the 
discharge which will occur under given conditions to be deter- 
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mined, or to ascertain the proper size which a pipe should have 
in order to deliver a given discharge. The subject cannot, how- 
ever, be developed with the definiteness which characterizes the 
flow from orifices and weirs, partly because the condition of the 
interior surface of the pipe greatly modifies the discharge, partly 
because of the lack of experimental data, and partly on account 
of defective theoretical knowledge regarding the laws of flow. 
In orifices and weirs errors of two or three percent may be re- 
garded as large with careful work; in pipes such errors are com- 
mon, and are generally exceeded in most practical investigations. 
It fortunately happens, however, that in most cases of the design 
of systems of pipes errors of five and ten percent are not impor- 
tant, although they are of course to be avoided if possible, or, 
if not avoided, they should occur on the side of safety. 


The head which causes the flow is the difference in level from 
the surface of the water in the reservoir to the center of the end, 
when the discharge occurs freely into the air as in Fig. 89a. If 
h be this head, and W the weight of water discharged per second, 
the theoretic potential energy per second is Wh; and if v be the 
actual mean velocity of discharge, the kinetic energy of the dis- 
charge is W -v?/2g. The difference between these is the energy 
which has been transformed into heat in overcoming the resist- 
ances. Thus the total head is /, the velocity-head of the out- 
flowing stream is v?/2g, and the lost head is h — v?/ag. If the 
lower end of the pipe is submerged, as in Fig. 890, the head & is 
the difference in elevation between the two water levels. 


The total loss of head in a straight pipe of uniform size con- 
sists of two parts, as in a long tube (Art. 84). First, there is a 
loss of head h’ due to entrance, which is the same as in a short 
cylindrical tube, and secondly there is a loss of head h’’ due to 
the frictional resistance of the interior surface. The loss of head 
at entrance is always less than the velocity-head and in this’ 
chapter it will be expressed by the formula 

Nap (89), 
2§ 
in which m is 0.93 for the inward projecting pipe, 0.49 for the 
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standard end, and o for a perfect mouthpiece, as shown in Art. 84. 
When the condition of the end is not specified, the value used for 
m will be o.5, which supposes that the arrangement is like the 
standard tube, or nearly so. For short pipes, however, it may 
be necessary to consider the particular condition of the end, and 
then m is to be computed from 

m =(1/c)?— I (89) 
~ in which the coefficient c, is to be selected from the evidence pre- 
sented in the last chapter. 


It should be noted that the loss of head at entrance is very 
small for long pipes. For example, it is proved by actual gagings 
that a clean cast-iron pipe 10 ooo feet long and 1 foot in diameter 
discharges about 44 cubic feet per second under a head of 100 feet. 
The mean velocity then is, if g be the discharge and a the area of 
the cross-section, 

Phd 5 As 
a 0.7854 
and the probable loss of head at entrance hence is 


= 5.41 feet per second, 


Wh =0.5 X 0.01555 X 5.41 = 0.23 feet, 
or only one-fourth of one per cent of the total head. In this case 
the effective velocity-head of the issuing stream is only 0.45 feet, 
which shows that the total loss of head is 99.55 feet, of which 
99.32 feet are lost in friction. 
Prob. 89. Under a head of 20 feet a pipe 1 inch in diameter and too 


feet long discharges 15 gallons per minute. Compute the loss of head at 
entrance. 


Art. 90. Loss of HEAD IN FRICTION 

The loss of head due to the resisting friction of the interior 
surface of a pipe is usually large, and in long pipes it becomes very 
great, so that the discharge is only a small percentage of that due 
to the head. Let h be the total head on the end of the pipe where 
the discharge occurs, v”/2g the velocity-head of the issuing stream, 
h’ the head lost at entrance, and h”’ the head lost in friction. Then 
if the pipe is straight, so that no other losses of head occur, 


2 
h= Wl +h" +— 
28 
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Inserting for the entrance-head h’ its value from Art. 89, this 

equation becomes 2 2 

h=m~+h’ 42 
28 28 

which is a fundamental formula for the discussion of flow in 

‘straight pipes of uniform size.’ 


The head lost in friction may be determined for a particular 
case by measuring the head h, the area a of the cross-section of 
the pipe, and the discharge per second g. Then gq divided by a 
gives the mean velocity v, and from the above equation, inserting 
for m its value from (89)2, there is found 

ee ee ie 
C= 28 
which serves to compute h’’, the value of ¢, being first selected 
according to the condition of the end. This method is not a good 
one for short pipes because of the uncertainty regarding the co- 
efficient c, (Art. 84), but for long pipes it gives precise results. 


Another method, and the one most generally employed, is by 
the use of piezometers (Art. 85). A portion of the pipe being 
selected which is free from sharp curves, two piezometer tubes are 
inserted-into which the water rises, or the pressure-heads are 
measured by gages (Art. 36). The difference of level of the water 
surfaces in the piezometer tubes is then the head lost in the pipe 
between them (Art. 85), and this loss is caused by friction alone 
if the pipe be straight and of uniform size. 


By these methods many observations have been made upon 
pipes of different sizes and lengths under different velocities of 
flow, and the discussion of these has enabled the approximate 
laws to be deduced which govern the loss of head in friction, and 
tables to be prepared for practical use. These laws are: 


1. The loss of head in friction is directly proportional to the 
length of the pipe. 

2. It is inversely proportional to the diameter of the pipe. 

3. It increases nearly as the square of the velocity. 

4. It is independent of the pressure of the water. 

5. It increases with the roughness of the interior surface. 


216 Chap. 8. Flow of Water through Pipes 


These five laws may be expressed by the formula 


ee (90) 


in which / is the length of the pipe, d its diameter, f is an abstract 
number which depends upon the degree of roughness of the sur- 
face, and v?/2g is the velocity-head due to the mean velocity. 


This formula may be justified by reasonings based on the 
assumption that what has been called the loss in friction is really 
caused by impact of the particles of water against each other. 
Fig. 90 represents a pipe with the roughness of its surface enor- 

SS Se = — == mously exaggerated and imperfectly 
a = == shows the disturbances thereby 
=e2 caused. As any particle of water 
strikes a protuberance on the surface, 
it is deflected and its velocity dimin- 
ished, and then other particles of water in striking against it also . 
undergo a diminution of velocity. Now in this case of impact the 
resisting force F acting over each square unit of the surface is to 
be regarded as varying with the square of the velocity (Arts. 27 
and 76). The total resisting friction for a pipe of length/ and 
diameter d is then md/F, and the work lost in one second is dl7Fv. 
Let W be the weight of water discharged in one second, then 
Wh’ is also the energy lost in one second. But W = wa, ifw be 
the weight of a cubic unit of water and q the discharge per second, 
and the value of q is ¢7d*v. Then, equating the two expressions 
for the lost energy, and replacing F by Cv? where C is a constant, 
there results 


Fig. 90. 


W’ =4 tp a4Cl 

wd wd 
Now C must increase with the roughness of the surface and hence 
this expression is the same in form as (90), and it agrees with the 
five laws of experience. 


Values of h’’ having been found by experiments, in the manner 
described above, values of the quantity f can be computed. In 
this way it has been found that f varies not only with the rough- 
ness of the interior surface of the pipe, but also with its diameter, 
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and with the velocity of flow. From the discussions of Fanning, 

| Smith, and others, the mean values of f given in Table 90a have 
been compiled, which are applicable to clean cast-iron and wrought- 
iron pipes, either smooth or coated with coal-tar, and laid with 
close joints. 


TABLE 90a. FRICTION FACTORS FOR CLEAN [RON PIPES 


Velocity in Feet per Second 


Diameter 


in 
Feet 


0.05 
o.I 
0.25 
0.5 
2.75 
I, 
Tay 
TG 
1.75 
se 
2.5 
3. 
3-5 
4. 
i 
6. 


The quantity f may be called the friction factor, and the table 
shows that its value ranges from 0.05 to o.o1 for new clean iron 
pipes. A rough mean value, often used, is 

Friction factor f = 0.02 

It is seen that the tabular values of f decrease both when the 
diameter and when the velocity increases, and that they vary 
most rapidly for small pipes and low velocities. The probable 
error of a tabular value of f is about one unit in the third decimal 
place, which is equivalent to an uncertainty of ro percent when 
f = 0.011, and to 5 percent when f = 0.021. The effect of this 
is to render computed values of /’” liable to the same uncertainties; 
but the effect upon computed velocities and discharges is much 
less, as will be seen in Art. 93. 
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To determine, therefore, the probable loss of head in friction, 
the velocity » must be known, and f is taken from Table 90a for 
the given diameter of pipes. The formula (90) then gives the 
probable loss of head in friction. For example, let 1 = 10 000 
feet, d = 1 foot, v = 5.41 feet per second. Then from Table 90a 
the factor f is 0.021, and 


Wh’ = 0.021 x X 0.455 = 95.5 feet, 


which is to be regarded as an approximate value, liable to an 
uncertainty of 5 percent. 


TasBLE 90). Friction HEAD FoR 100 FEET OF CLEAN IRON PIPE 


Velocity in Feet per Second 


Diameter 
in 


Feet 


From Table 90a and formula (90) the losses of head in friction 
for 100 feet of clean cast-iron pipe have been computed for differ- 
ent values of d and f and are given in Table 900, from which ap- 
proximate computations may be rapidly made. Thus, for the 
above data, by interpolation in Table 906, there is found 0.952 
feet for the loss in 100 feet of pipe, and then for 10 000 feet the 
loss of head is 95.2 feet. 
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Prob. 90. Determine the actual loss of head in friction from the fol- 
lowing experiment: / = 60 Leety et ose snlect nd —=10.057,o Leet, du—nO:082274) 
cubic feet per second, and c = 0.8. Compute the probable loss for the same 
data from formula (90) and also from Table 900. 


Art. 91. Loss or HEAD IN CURVATURE 


Thus far the pipe has been regarded as straight, so that no 
losses of head occur except at entrance and in friction. But 
when the pipe is laid on a curve, the water suffers a change in 
direction whereby an increase of pressure is produced in the 
direction of the radius of the curve and away from its center 
(Art.156). This increase in pressure causes eddying motions of 
the water, from which impact results and energy is transformed 
into heat. The total loss of head h’”” due to any curve evidently 
increases with its length, and should be greater for a‘small pipe 
than for a large one. Hence the loss of head due to the curvature 
of a pipe may be written 

Wig ee (91); 

d 2g 

in which J is the length of the curve, d the diameter of the pipe, 
» the mean velocity of flow, and /f; is an abstract number called 
the curve factor, that depends upon the ratio of the radius of the 
curve to the diameter of the pipe. Let R be the radius of the 
circle in which the center line of the pipe is laid. Then, if R is 
infinity, the pipe is straight and fi = 9; but as the ratio R/d 
decreases, the value of /1 increases. 

There are few experiments from which to determine the values 
of fi. Weisbach, about -1850, from a discussion of his own ex- 
periments and those of Castel, deduced a formula for the value of 
fil/d for curves of one-fourth of a circle,* and from this the follow- 
ing values of the curve factor fi have been computed: 
for R/d= 20 10 5 3 2 vals r.0 

fr = 0.004 0.008 0.016 0.030 0.047 0.072 0.184 
These values of fi are applicable only to small smooth iron pipes 
where the entire curve is without joints, since most of the pipes 


* Die Experimentale Hydraulik (Freiberg, 1855), p. 159. Mechanics 
of Engineering (New York, 1870), vol. 1, p. 808. 
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on which the above experiments were made were probably of 
this kind. 

Freeman, in 1889, made measurements of the loss of head in 
fire hose 2.49 and 2.64 inches in diameter, and the curves were 
complete circles of 2, 3, and 4 feet radius.* From the results 
given for the smaller hose the following values of the curve fac- 
tor fi have been found: 

for Rid" “10.2 14.4 9.6 
fi = 0.0033 0.0034 0.0048 


while for the larger hose the values are 


for K/d = 18.2 £300 OE 
f= 0.0032 O.0041 ©.0040 


These values are in fair agreement with those given above for the 
small iron pipes. 

Williams, Hubbell, and Fenkell, in 1898 and 1899, made meas- 
urements in Detroit on cast-iron water mains having curves of 
go°. From their results for a 30-inch pipe the values of the curve 
factor f; have been computed and are found to be as follows: 


fon /d= 24 16 ie 6 4 2.4 
fi= 0.036 0.037 0.047 0.060 0.062 0.072 


while from their work on a 12-inch pipe the values are 


for R/d= 4 e 2 I 
fi=0.05 0.06 0.06 0.20 


Of these values, those derived from the larger pipe are the most 
reliable, and it is seen that they are much greater than the values 
deduced from Weisbach’s investigations on small pipes. Prob- 
ably some of this increase is due to the circumstance that the 
curves had rougher surfaces and that the joints were nearer to- 
gether than on the straight portions. These experiments } were 
made with the Pitot tube in the mannet explained in Arts. 41 and 
86. They show that the law of distribution of the velocities in 
the cross-section is quite different from that for a straight pipe, 


* Transactions American Society of Civil Engineers, 1880, vol. 213 Dp. 3035 
T Transactions American Society of Civil Engineers, 1902, vol. 47. 
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the maximum velocity being not at the center, but between the 
center and the outside of the curve. 


From the experiments of Schoder,* on 6-inch pipe and bends 
of go°, the following values of f have been computed for velocities 
of 5 and 16 feet per second: 


for R/d= 20 15 10 6 & 2 
Y= 5, fr= 0.008 0.004 0,010 0.020 0.018 0.049 
v=16, fi= 0.008 0.009 O.0IIT 0.021 0.022 0.059 


_ The data given by Davis,* from his experiments on pipe about 
2/5 inches in diameter for bends of go”, enable the following values 
of f; to be computed for velocities of 5 and 15 feet per second: 


for R/d = 10 6 5 4 2 I 
9= 5,  fi= 0.023. 0.024 0.027 0.032 0.081 0.323 
V=15, fi= 0.027 0.051 0.052 0.058 0.144 0.304 


From the experiments of Brightmore,f on pipes 4 inches in 
diameter and for bends of go°, the values of f; given below have 
been computed for velocities of 5 and 10 feet per second: 


for R/d= 10 6 5 4 2 I 
v= 5, fi= 0.013 0.033 9.034 0,036" 7» 0.105 495 6-400 
v=10, fi= 0.013 0.034 0.040 0.046 0.127 0.365 


While the above values of f; are few in number, and not wholly 
in accord, yet they may serve as a basis for roughly estimating 
the loss of head due to curvature. For example, let there be 
two curves of 24 and 16 feet radius in a pipe 2 feet in diameter, 
each curve being a quadrant of a circle. The ratios R/d are 12 
and 8, and the values of fi, taken from those deduced above from 
the large Detroit pipe, are 0.044 and 0.053. The lengths of the 
curves are 37.7 and 25.1 feet, and then from (91): 


rh Sco Nea 
2 2g 2g 

2 2 

= 0.0539 = 0.66— 
2 2g 2g 


* Transactions American Society of Civil Engineers, vol. 52. 
t Proceedings Institution of Civil Engineers, vol. 169. 
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are the losses of head for the two cases. Here it is seen that the 
easier curve gives the greater loss of head. By the use of the 
values of /; deduced from Weisbach’s investigation, the loss of head 
is much smaller and the sharper curve gives the greater loss of 
head, since the coefficients of the velocity-head are found to be 
0.13 and 0.14 instead of 0.83 and 0.66. The subject of losses in 
curves is, indeed, in an uncertain state, since sufficient experiments 
have not been made either to definitely establish the validity of 
(91), or to determine authoritative values of the curve factor fi. 
Probably it will be found that /; varies with the diameter d as well 
as with the ratio R/d. 


When there are several curves in a pipe line, the value of /,(J/d) 
for each curve is to be found and then these are to be added in 
order to find the total loss of head: Thus, in general, 

HY =m (91), 

2§ 

is the total loss of head, in which m, represents the sum of the 
values of fi(//d) for all the curves. It must be remembered, 
however, that this loss of head is occasioned by the fact that the 
pipe is curved and that it is to be added to the loss caused by 
friction along the entire length of-the pipe. In other words the 
curve factor f; does not include the friction factor ii 


The lost head due to curvature in a pipe line is usually low 
compared with that lost in friction, since the number of curves 
is usually made as small as possible. For example, take a pipe 
tooo feet long and 3 inches in diameter, which has ten curves, five 
being of go° and 6 inches radius and five being of 57°.3 ands feet 
radius. From (90), using 0.02 for the mean friction factor, the 
loss of head in friction is 80 y?/ 2g. From (91), using the curve 
factors deduced from Weisbach, the loss of head for the five sharp 
curves is 0.74 v?/2g, and that for the five easy curves is 0.4 v?/2¢. 

Prob. 91. If the central angle of a curve of 18 inches radius is re. 
what is the length of the curve? Ifa hose, 2} inches in diameter, is laid 


on this curve, compute the loss in head due to curvature when the velocity 
in the hose“is 30 feet per second and also when it is 1 5 feet per second. 
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Art. 92. OTHER Losses or HEAD 


Thus far the cross-section of the pipe has been supposed to be 
constant, so that no losses of head occur except at entrance (Art. 
89), in friction (Art. 90), and in curvature (Art. 91). But if the 
pipe contains valves, or has obstructions in its cross-section, or is 
of different diameters, other losses occur which are now to be 
considered. 


The figures show three kinds of valves for regulating the flow 
in pipes: A being a valve consisting of a vertical sliding-gate, 
‘Ba cock-valve formed by two rotating segments, and C a throttle- ° 
valve or circular disk which moves like a damper in a stovepipe. 


ie 


The loss of head due to these may be very large when they are 
sufficiently closed so as to cause a sudden change in velocity. Le 
may be expressed by yl! =o ee 
2§ 
in which m has the following values, as determined by Weisbach 
from his experiments on pipes of small diameter.* For the gate- 
valve let d’ be the vertical distance that the gate is lowered below 
the top of the pipe; then 
hd ieee Pe ee Glee wae ae 
M=0.0. 007 0.20 0.85 2.0 5-5 1f7 98 
For the cock-valve let @ be the angle through which it is turned, 
as shown at B in Fig. 92; then 
for 9 =0° Hee 0% w.30° 40%. “5007 (55 F007 memo 
WT= 07 ~~ 9:20 16 5.5 17 53 ~106 206 480 
In like manner, for the throttle-valve the coefficients are : 
for 0= "5 ee BS GNSS image | Kee 6c e Om 
mM=0.24 0.52 1.5 3:9 If 33 118 250 750 


: 3 ; ° 
* Mechanics of Engineering, vol. 1, Coxe’s translation, p. 902. 
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The number m hence rapidly increases and becomes very great 

when the valve is fully closed, but as the velocity is then zero 
there is no loss of head. The velocity v here, as in other cases, 
refers to that in the main part of the pipe, and not to that in the 
' contracted section formed by the valve. 


Kuichling’s experiments * on a gate-valve for a 24-inch pipe 
give values of m which are somewhat greater than those deduced 
by Weisbach from pipes less than 2 inches in diameter. Con- . 
sidering the great variation in size, the agreement is, however, 
a remarkable one. He found 

esi ane a i eh Fe 


1 =O. 35) 10m 3.38eG.0.82e.7 med tae 


and his computed value of m when d’/d equals # is 75.6. 


An accidental obstruction in a pipe may be regarded as causing 
a contraction of section, followed by a sudden expansion, and the 
loss of head due to it is, by Art. 77, 

A cS pe ~ pete 
a’ 2g 2g 
where a is the area of the section of the pipe, and a’ that of the 
diminished section. This formula shows that when a’ is one- 
half of a, the loss of head is equal to the velocity-head, and that 
m rapidly increases as a’ diminishes. The same formula gives 
the loss of head due to the sudden enlargement of a pipe from the 
area a’ to a. 

Air-valves are placed at high points on a pipe line in order to 
allow the escape of air that collects there. Mud-valves or blow- 
offs are placed at low points in order to clean out deposits that may 
be formed as well as to empty the pipe when necessary. These 
are arranged so as not to contract the section, and the losses of — 
head caused by them are generally very small. When a blow- 
off pipe is opened and the water flows through it with the velocity 
v, the loss of head at its entrance, even when the edges are rounded, 


is as high as or higher than 0.56 v?/ 2g, according to the experi- 
ments of Fletcher. . 


* Transactions American Society of Civil Engineers, 1892, vol. 26, p. 440. 


Formula for Mean Velocity. Art. 93 225 


In the following pages the symbol h’””” will be used to denote 
the sum of all the losses of head due to valves and contractions of 
section. Then 2 

}!'" = Mp (92) 
2§ 
in which mz, will denote the sum of all the values of m due to these 
causes. In case no mention is made regarding these sources of 
loss they are supposed not to exist, so that both m, and h’’” are ©» 
simply zero. 

Prob. 92. Which causes the greater loss of head in a 24-inch pipe, 

a gate-valve one-half closed, or five 90° curves of 16 feet radius ? 


Art. 93. FoRMULA FOR MEAN VELOCITY 


The mean velocity in a pipe can now be deduced for the con- 
dition of steady flow. ‘The total head being 4, and the effective 
velocity-head of the issuing stream being v?/2g, the lost head is 
h — v?/2g, and this must be equal to the sum of its parts, or 

h aed Le as h’ + hh!’ + jy + Wee 
28 
Substituting in this the values of the four lost heads, as de- 
termined in the four preceding articles, it becomes 


pate Se Ue, ra 
2g 2g d 2g ; 2g 2g 
and by solving for v there is found 
- apy 93 
a Se ee 


which is the general formula for the mean velocity in a pipe of 
constant cross-section. 

The most common case is that of a pipe which has no curves, 
or curves of such large radius that their influence is very small, 
and which has no partially closed valves or other obstructions. 
For this case both mm and m, are zero, and, taking m as 0.5, the 


formula becomes 
2 aeetl Jabees 93 
a ae 


which applies to the great majority of cases in engineering practice. 
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In this formula the friction factor f is a function of v to be 
taken from Table 90a, and hence v cannot be directly computed, 
but must be obtained by successive approximations. For exam- 
ple, let it be required to compute the velocity of discharge from 
a pipe 3000 feet long and 6 inches in diameter under a head of g 
feet. Here 1 = 3000, d = 0.5, and h = 9 feet, and taking for 
f the rough mean value 0.02, formula (93)2 gives 


o=4| eet OA = 2.2 feet per second. 
1.5 + 0.02 X 3000 X 2 


The approximate velocity is hence 2.2 feet per second and enter- 
ing the table with this, the value of f is found to be 0.026. Then 
the formula gives 


= PSO SS = 1.92 feet per second. 
1.5 1 01020 X93000.X 2 


This is to be regarded as the probable value of the velocity, since 
the table gives f = 0.026 for v = 1.92. In this manner by one 
or two trials the value of v can be computed so as to agree with 
the corresponding value of f/f. 


To illustrate the use of the general formula (93); let the pipe 
in the above example be supposed to have forty 90° curves 
of 6 inches radius, and to contain two gate-valves which are half 
closed. Then from Arts. 91 and 92 there are found m, = 11.6 
for the curves and m, = 4.2 for the gates. The mean velocity 


nse F =4/ 2321040 7) 

17.3 + 0.026 X 6000 

which is but a trifle less than that found before. With a shorter 

pipe, however, the influence of the curves and gates in retarding 
the flow would be more marked. 

The head required to produce a given velocity v can be ob- 


tained from (93); or (93)2. Thus from the general formula the 
required head is 


h=(1 + m+ 10/0) +m +m) = 


= 1.83 feet per second, 


in which for common computations m = 0.5, while m and my are 
neglected. 
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The error in the computed velocity due to an error of one unit 
in the last decimal of the friction factor f is always relatively less than 
the error in f itself. For instance, where v is computed for the above 
example with f = 0.025, which is 4 percent less than 0.026, its 
value is found to be 1.96 feet per second, or 2 percent greater than 
1.92. In general the percentage of error in v is less than one-half 
of that in f. It hence appears that computed velocities are liable 
to probable errors ranging from 1 to 5 percent, owing to imperfections 
in the tabular values of f for new clean pipes. This uncertainty 
is as a rule still further increased by various causes, so that 5 per- 
cent is to be regarded as a common probable error in computations 
of velocity and discharge from pipes. 

Velocities greater than 15 feet per second are very unusual in 
pipes, and but little is known as to the values of f for such cases. For 
velocities less than 0.5 feet per second, the values of f are also not known 
(Art. 110), so that only a rough reliance can be placed upon computa- 
tions. The usual velocity in water mains is less than five feet per 
second, it being found inadvisable to allow swifter flow on account 
of the great loss of head in friction. 

Prob. 93. Using for f the mean value 0.02 compute the head required 
to cause a velocity of 10 feet per second in a pipe 15 000 feet long and 18 
inches in diameter. 


Art. 94. CoMPUTATION OF DISCHARGE 


The discharge per second from a pipe of given diameter is 
found by multiplying the velocity of discharge by the area of the 
cross-section of the pipe, or 

g = t1d*v = 0.7854 Gv (94) 
in which v is to be found by the method of the last article. 

For example, let it be required to find the discharge in gallons 
per minute from a clean pipe 3 inches in diameter and 1500 feet 
long under a head of 64 feet. Here d = 0.25, 1 = 1500, and h = 
64 feet. Then for f = 0.02 the velocity is found from (93)2 to 
be 5.82 feet per second; then from Table 90a is found f = 0.024 
and the velocity is 5.30 feet per second. The discharge in cubic 
feet per second is 

g = 0.7854 X 0.25" X 5.30 = 0.260 
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which is equal to 116.7 gallons per minute. This is the probable 
result, which is liable to the same uncertainty as the velocity, say 
about 3 percent; so that strictly the discharge should be written 
116.7 + 3.6 gallons per minute. 

By inserting the value of v from (93)2 in the above expression 
for g it becomes 


= 1 Pie 
Tae ON ree fia) 


and from this the head required to produce a given discharge is 
io g 


These formulas are not more convenient for precise computations 
than the separate expressions for v, g, and # previously estab- 
lished, since » must be computed in order to select f from the table. 
For approximate computations, however, when f may be taken 
as 0.02, they may advantageously be used. In the English system 
of measures / and d are to be taken in feet and q in cubic feet per 
second, and the constants in these two formulas have the values 
lor /2g = 6.299 8 /m®g = 0.0252 
The last formula shows that the head required for a pipe of given 
diameter varies directly as the square of the proposed discharge. 
Thus, if a head of 50 feet delivers 8 cubic feet per second through 
a certain pipe, a head of about 200 feet will be necessary in order 
to obtain 16 cubic feet per second. 


Prob. 94. What head is required to discharge 6 gallons per minute 
through a pipe 1 inch in diameter and 1000 feet long ? 


Art. 95. COMPUTATION OF DIAMETER 


It is an important practical problem to determine the diamete> 
of a pipe to discharge a given quantity of water under a given 
head and length. The last equation above serves to solve this 
case, if the curve and valve resistances be omitted, as all the 
quantities in it except d are known. This equation reduces to 


Seon ¢ 
d ap ne + fl) r 
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and for the English system of measures this becomes : 
25 
“ies 0.4789] (1. sd + fl) | (95) 


which is the formula for computing d when h, J, and d are in feet 
and q is in cubic feet per second. The value of the friction factor 
jf may be taken as 0.02 in the first instance, and the d in the right- 
hand member being neglected, an approximate value of the diam- 
eter is computed. The velocity is next found by the formula 
v= q/a = q/0.78540° 

and from the Table 90a the value of f thereto corresponding is 
selected. The computation for d is then repeated, placing in the 
right-hand member the approximate value of d. Thus by one 
or two trials the diameter is computed which will very closely 
satisfy the given conditions. 


For example, let it be required to determine the diameter 
of a new pipe which will deliver 500 gallons per second, its length 
being 4500 feet and the head 24 feet. Here the discharge is . 


g = 500/7.481 = 66.84 cubic feet per second. 


The approximate value of d then is 


1 
2\5 
ifs 0.479(222 X 4500 X 66.84 ) = 3.38 feet. 
24 
From this the mean velocity of flow is 
66.84 


= 7.6 feet per second, 


peg cas: 

and from the table the value of f for this diameter and velocity 
is found to be 0.013. Then 

66.842] 

d= o.470| (1.5 X 3.35 + 0.013 X 4500) sad 

from which d = 3.125 feet. With this value of d the velocity 

is now found to be 8.71 feet, so that no change results in the value 

of f. The required diameter of the pipe is therefore 3.1 feet, or 

about 37 inches; but as the regular market sizes of pipes furnish 

only 36 inches and 40 inches, one of these must be used, and it 


will be on the side of safety to select the larger. 
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It is very important, in determining the size of a pipe, to also 
consider that the interior surface may become rough by corrosion 
and incrustation, thus increasing the value of the friction factor 
and diminishing the discharge. It has been found that some 
waters deposit incrustations which in a few years render the values 
of f more than double those given in Table 90a. In Art. 106 
will be found values of the friction factor as determined by ex- 
periment on various pipes of different ages. The increase in 
f from these causes is not likely to be so great in a large pipe as in 
a small one, but it is not improbable that for the above example 
they might be sufficient to make f as large as 0.03. Applying this 
value to the computation of the diameter from the given data 
there is found d = 3.6 feet = about 43 inches. 


The sizes of iron pipes generally found in the market are 3, 4, I, 
14, 13, 2, 3, 4, 6, 8, 10, 12, 16, 18, 20, 24, 27, 30, 36, 40, 44, and 48 inches, 
while intermediate and larger sizes must be made to order. The com- 
putation of the diameter is merely a guide to enable one of these sizes 
to be selected, and therefore it is entirely unnecessary that the numer- 
ical work should be carried to a high degree of precision. In fact, 
three-figure logarithms are usually sufficient to determine reliable 
values of d from formula (95). 


Prob. 95. Compute the diameter of a pipe to deliver 50 gallons per 
minute under a head of 4 feet when its length is 500 feet. Also when its 
length is 5000 feet. 


ArT. 96. SHortT PIPES 


A pipe is said to be short when its length is less than about 
500 times its diameter, and very short when the length is less than 
about 50 diameters. In both cases the coefficient c, should be 
estimated according to the condition of the upper end as precisely 
as possible, and the length 7 should not include the first three 
diameters of the pipe, as that portion properly belongs to the tube 
which is regarded as discharging into the pipe. In attempting 
to compute the discharge for such pipes, it is often found that the 
velocity is greater than given in Table 90a, and hence that the 
friction factor f cannot be ascertained. For this reason no accu- 
rate estimate can be made of the discharge from short pipes under 
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high heads, and fortunately it is not often necessary to use them 
in engineering constructions. 


For example, let it be required to compute the velocity of 
flow from a pipe 1 foot in diameter and 100 feet long under a head 
of 100 feet, the upper end being so arranged that c, = 0.80, and 
hence m = 0.56 (Art. 89). Neglecting m and mp, since the pipe 
has no curves or valves, formula (93), for the velocity becomes 


a “i 28h 
1.56 + f(l/d) 
and, using for f the rough mean value 0.02 and taking / as 97 feet, 
there is found 42.9 feet per second for the mean velocity. Now 
there is no experimental knowledge regarding the value of the 
friction factor f for such high velocities in iron pipes, but judging 
from the table it is probable that f may be about 0.015. Using 
this instead of 0.02 gives for v the value 46 feet per second. 


The general equation for the velocity of discharge deduced in 
Art. 93 may be applied to very short pipes by writing / — 3d in 
place of /, and placing for m its value in terms of the coefficient ¢,. 


It then becomes — 
| oe | 2gh (96) 


I lL — 3d 

gol ae 
If in this J equals 3d, the velocity is c,V 2gh, which is the same as 
for the short cylindrical tube. If / = 12d, f= 0.02, and ¢ = 0.82, 
it gives v = 0.774 V2gh, which agrees well with the value given 
by Art. 84 for this case. If 1 = 60d, it gives v = 0.613 V 2gh, 
which is 2 percent greater than the value given by Art. 84. 

Prob. 96. Compute the discharge per second for a pipe 1 inch in diam- 

eter and 40 inches long under a head of 4 feet. 


Art. 97. Lonc PIPES 


For long pipes the loss of head at entrance becomes very small 
compared with that lost in friction, and the velocity-head is also 
small. Formula (93)2 for the mean velocity is 


Se agh 
o== + f(l/d) 
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in which the first term in the denominator represents the effect 
of the velocity-head and the entrance-head, the mean value of 
the latter being 0.5. Now it may safely be assumed that 1.5 
may be neglected in comparison with the other term, when the 
error thus produced in gv is less than 1 percent. Taking for f 
its mean value, this will be the case when 


Vis to.02l/d patozae 1.01, whence 2 

V0.02 1/d d 

Therefore, when / is greater than about 4oood the pipe vl be 
called long. 


Tole 


For long pipes under uniform flow the velocity is found from 
the above equation by dropping 1.5, and the discharge is found 
by multiplying this mean velocity by the area of the cross-section. 
Hence the formulas for HE eliely and discharge are 


aghd a Eu 97 
| fl Q-47 fl (97); 
which for the English system of measures becomes 
= 8.02)! g = 6.30 oF (97)o 


From these expressions for g the general and special formulas for 
computing the diameter of the pipe for a given discharge, length, 
and head are found to be 


2 2 $ 
d= wer d= o.479( A) (97)s 


These equations show that for very long pipes the discharge varies 
directly as the 23 power of the diameter, and inversely as the 
square root of the length. 


In the above formulas, d, #, and / are to be taken in feet, ¢ 
in cubic feet per second, and f is to be found from Table 90a, an 
approximate value of v being first obtained by taking f as 0.02. 
It should not be forgotten that computations of discharge or 
diameter from these formulas are liable to uncertainty on account 
of imperfect knowledge regarding the friction factors. Especially 
when the velocities are lower than one or higher than fifteen feet 
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_ per second the results obtained can be regarded as rough estimates 
only. The value of /# in these formulas is really the friction-head 
‘h’’, since in their deduction the other heads, h’, h'”’, and h’’””, have 
been neglected as insensible. Hence when the diameter d, the 
length /, the total head h, and the discharge g have been measured 
for a long pipe the friction factor f may be computed. In this 
manner much of the data was obtained from which Table 90a 
has been compiled. 


For circular orifices and for short tubes of equal length under 
the same head, the discharge varies as the square of the diameter. 
For pipes of equal length under a given head the discharges vary 
more rapidly owing to the influence of friction, for formula (97). 
shows that if f be constant, g varies as d', The relative discharg- 
ing capacities of pipes hence vary approximately as the 23 powers 
of their diameters. Thus, if two pipes of diameters d, and d; 
have same length and head, and if gq; and q be their discharges, 


1/h = di'/de! or qx =(de/di) 
For example, if there be two pipes of 6 and 12 inches diameter, 
d>/d, equals 2 and hence g = 5.791, or the second pipe discharges 
nearly six times as much as the first. In a similar manner it can 
be shown that 32 pipes of 6 inches diameter have the same dis- 
charging capacity as 1 pipe 24 inches in diameter. 

When the variation in the friction factor is taken into account, 
the formula gives é : 
ge = n(de/ds)*( A/a)” 

Now as the values of f vary not only with the diameter but with 

the velocity, a solution cannot be made except in particular cases. 

For the above example let the velocity be about 3 feet per second ; 

then from the table f; = 0.023 and f2 = 0.019, and accordingly 
ge = qul2)*(1.2)' = 6.2m 

or the 12-inch pipe discharges more than six times as much as the | 

6-inch pipe. 

Prob. 97. Compute the diameter required to deliver 15 000 cubic feet 


per hour through a pipe 26 500 feet long under a head of 324.7 feet. If 
this quantity is carried in two pipes of equal diameter, what should be their 


size? 
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Art. 98. PreEZOMETER MEASUREMENTS 


Let a piezometer tube be inserted into a pipe at any point D, 
at the distance /,; from the reservoir measured along the pipe line. 
Let A,D, be the vertical depth of this point below the water level 
of the reservoir; then if the flow be stopped at the end C, the 
water rises in the tube to the point A;._ But when the flow occurs, 
the water level in the pie- 
zometer stands at some 
point Ci, and the pressure- 
head at D, is hy, or CiD, 
in the figure. The distance 
A,C; then represents the 
velocity-head plus all the 
losses of head between D, 
and the reservoir. If no losses of head occur except at entrance 
and in friction, the value of A,C; then is 


Fig. 98a. 


2 2 l y2 
TSE eee, phot du VOTE 
: 2g - 2g ey 2g 
from which the piezometric height can be found when v has been 
determined by direct measurement or by gaging. 


For example, let the total length J = 3000 feet, d = 6 inches, 
h = 9 feet, and m =0.5. Then, as in Art. 93, there is found 
f = 0.026 and v = 1.917 feet per second. The position of the 
top of the piezometric column is then given by 


Hy =(1.5 +0.0521,) X 0.05714 
and the height of that column above the pipe is 


ly AD fa 1 
Thus if 4, = 1009 feet, Hy = 3.06 feet; and if = 2000 feet, 
H, = 6.03 feet. If the pipe is so laid that A,D, is 9 feet, the cor- 
responding pressure-heads are then 5.94 and DO 7 eet: 


For a second piezometer inserted at D, at the distance from 
the entrance, the value H, is 


2 2 2 
Hy= "+ me 422 
2g 26 d128 
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Subtracting from this the expression for Hy, there is found 
4 es ly a l v / 

EA eee er A (98); 
The second member of this formula is the head lost in friction in 
the length J, — 1; (Art. 90), and the first member is the difference 
of the piezometer elevations. Thus is again proved the principle 
of Art. 85, that the difference of two piezometer elevations shows 
the head lost in the pipe between them; in Art. 85 the elevations 
H, and H, were measured upward from the datum plane, while 
here they have been measured downward from the water level 
in the reservoir. 


By the help of this principle the velocity of flow in a pipe may 
be approximately determined. A line of levels is run between 
the points D, and Ds, which are selected so that no sharp curves 
occur between them, and thus the difference H, — H, is found, 
while the length /, — J, is ascertained by careful chaining. Then, 
from the above formula, , 

_ j2eg(He = Ai) d 
v 4 (b= hy) (98)2 
from which v can be computed by the help of the friction factors 
in Table 90a. For example, Stearns, in 1880, made experiments 
on a conduit pipe 4 feet in diameter under different velocities of 
flow.* In experiment No. 2 the length h — 4 was 1747.2 feet, 
and the difference of the piezometer levels was 1.243 feet. As- 
suming for f the mean value 0.02, and using 32.16 feet per second 
per second for g, the velocity was 


v= (oe? DASA 3.0 feet per second. 
0.02 X 1747 
This velocity in the table of friction factors gives f = 0.015 for 
a 4-foot pipe. Hence, repeating the computation, there is found 
v = 3.50 feet per second; it is accordingly uncertain whether the 
value of f is 0.015 or 0.014. If the latter value be used, there is 
found v = 3.62 feet per second. The actual velocity, as deter- 
mined by measurement of the water over a weir, was 3.738 feet 


* Transactions American Society of Civil Engineers, 1885, vol. 14, p. 4- 
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per second, which shows that the computation is in error about 
4 percent. 

In order that accurate results may be obtained with piezom- 
eters it is necessary, particularly under low pressure-heads, that 
the tubes be inserted into the pipe at right angles. If they be 
inclined with or against the current, the pressure-head / will be 
greater or less than that due to the pressure at the mouth. Let 
6 be the angle between the direction of the flow and the inserted 
piezometer tube. Since the impulse in the direction of the cur- 
rent is proportional to the velocity-head (Art. 27), the component 
of this in the direction of the inserted tube tends to increase the 
normal pressure-height 4, when @ is less than go° and to decrease 
it when @ is greater than go°. Thus 


Vp yn +n~—cos 6 
28 


may be written as approximately applicable to the two cases in 
which 7 is a coefficient 
the value of which has 
not been ascertained. 
In this, if the tube be 
inserted normal to the 
pipe, 6 = 90° and hy be- 
comes /;, the height 
due to the static pres- 
sure in the pipe; if v = 0, the angle @ has no effect upon the 
piezometer readings. But if 6 differs from 90° by a small angle, 
the error in the reading may be large when the velocity in the 
pipe is high. Fig. 980 illustrates the three cases. 


Fig. 986. 


The question as to the point from which the pressure-head should 
be measured deserves consideration. In the fig- 
ures of preceding articles , and h, have been esti- 
mated upward from the center of the pipe, and it 
is now to be shown that this is probably correct. 
Let Fig. 98c represent a cross-section of a pipe to 
which are attached three piezometers as shown. If 
there be no velocity in the tube or pipe, the 
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water surface stands at the same level in each piezometer, and 
the mean pressure-head is certainly the distance of that level above 
the center of the cross-section. If the water in the pipe be in motion, 
probably the same would hold true. Referring to formula (75), 
and to Fig. 75a, it is also seen that if there be no velocity h’ = h,—hp, 
which cannot be true unless 4, — hy = 0, since there can be no loss 
of head in the transmission of static pressures; hence h, and fy cannot 
be measured from the top of the section. In any event, since the pie- 
zometer heights represent the mean pressures, it appears that they 
should be reckoned upward from the center of the section. The pie- 
zometer couplings for hose devised by Freeman are arranged with con- 
nections on the top, bottom, and sides, as are also those used for the 
Venturi meter (Art. 38), and thus the results obtained correspond to 
mean pressures or pressure-heads. Even in cases where the two points 
of connection are so near together that the difference Hz — H1, can be 
measured by a differential manometer (Art. 37), the method of con- 
necting the tubes to the pipes should receive careful attention. 

Prob. 98. At a point 500 feet from the reservoir, and 28 feet below its 
surface, a pressure gage reads 10.5 pounds per square inch; at a point 8500 
feet from the reservoir and 280.5 feet below its surface, it reads 61 pounds 
persquareinch. If the pipe is 12 inches in diameter, compute the discharge. 


Ayer 


Art. 99. Tue HypRAULIC GRADIENT 


The hydraulic gradient is a line which connects the water 
levels in piezometers placed at intervals along the pipe; or rather, 
it is the line to which the 
water levels would rise if 
piezometer tubes were in- 
serted. In Fig. 98a the-line 
BC is the hydraulic gradient, 
and it is now to be shown ke 
that for a pipe of uniform fhe 
size this is approximately a 
straight line. For a pipe discharging freely into the air, as in Fig. 
98a, this line joins the outlet end witha point B near the top of 
the reservoir. For a pipe with submerged discharge, as in Fig. 
99a, it joins the lower water level with the point B. 


Let D, be any point on the pipe distant 1, from the reservoir, 
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measured along the pipe line. The piezometer there placed 
rises to Cy, which is a point in the hydraulic gradient. The equa- 
tion of this line with reference to the origin A is given by the first 
equation of Art. 98, or 
r ve h, le 

Hy, =(1 ee oer 
in which H, is the ordinate A,C;, and J; is the abscissa A Aj, pro- 
vided that the length of the pipe is sensibly equivalent to its 
horizontal projection. In this equation the first term of the 
second member is constant for a given velocity, and is represented 
in the figure by AB or A,B,; the second term varies with /,, and | 
is represented by B,C;. The gradient is therefore a straight line, 
subject to the provision that the pipe is laid approximately hori- 
zontal; which is usually the case in practice, since quite material 
vertical variations may exist in long pipes without sensibly 
affecting the horizontal distances. 


When the variable point D, is taken at the outlet end of the 
pipe, H; becomes the head h, and J, becomes the total length J, 
agreeing with the formula of Art. 98, if the losses of head due to 
curvature and valves be omitted. When JD, is taken very near 
the inlet end, J, becomes zero and the ordinate H, becomes AB, 
which represents the velocity-head plus the loss of head at en- 
trance to the pipe. 


When there are easy horizontal curves in a pipe line, the above 
conclusions are unaffected, except that the gradient BC is always 
vertically above the pipe, and therefore can be called straight 
only by courtesy, although as before the ordinate B,C; is propor- 
tional to /,. When there are sharp curves, the inclination of the 
hydraulic gradient becomes greater and it is depressed at each 
curve by an amount equal to the loss of head which there occurs. 
When an obstruction occurs in a pipe, or a valve is partially 
closed, there is a sudden depression of the gradient at the ob- 
struction or at the valve. 


If the pipe is so laid that a portion of it rises above the hy- 
draulic gradient as at D, in Fig. 990, an entire change of condition 
generally results. If the pipe is closed at C, all the piezometers 
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stand in the line AA, at the same level as the surface of the reser- 
voir. When the valve at C is opened, the flow at first occurs 
under normal conditions, # being the head and BC the hydraulic 
gradient. The pressure-head 4 
at D, is then negative, and | SEMAN tape: a ulbegS hacia) 


represented by D,C;. As a sa 
consequence the air which is 
carried along in the pipe with 
the water collectsat the summit 
D, and acts like an obstruc- 
tion there, so that the pipe from Dy, to C is only partly filled 
with water. The hydraulic gradient is then shifted to BD,, the 
discharge occurs at D, under the head A,D,, while the remain- 
der of the pipe acts merely as a channel to deliver the flow. It 
usually happens that this change results in a great diminution 
of the discharge, so that it has been necessary to dig up and relay 
portions of a pipe line which have been inadvertently run above 
the hydraulic gradient. This trouble can always be avoided by 
preparing a profile of the proposed route, drawing the hydraulic 
gradient upon it, and excavating the pipe trench well below the 
gradient. In cases where the cost of this excavation is so great 
that it is resolved to lay the pipe above the gradient, all the joints 
of the pipe above the gradient should be made absolutely tight 
so that no air can enter the pipe and interrupt the flow. 


Fig. 990. 


When a large part of the pipe lies above the hydraulic gradient 
it is called a siphon. Conditions sometimes exist which require 
a pipe line to be laid as a siphon for a short distance. In such 
a case an air chamber is sometimes built at the highest elevation 
so that air may collect in it instead of in the pipe, and provision 
is made for recharging the siphon when the flow ceases by admit- 
ting water at the highest elevation, or by operating a suction- 
pump placed there, or by forcing water into the pipe by a pump 
located at a lower elevation. Probably the largest siphon ever 
constructed is that laid about 1885 at Kansas City, Mo., 
it being 42 inches in diameter, and 730 feet long, with the summit 
to feet above the general level of the pipe line. The air that 
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collected at the summit was removed by operating a steam ejec- 
tor for a few minutes each day.* 

The pressure head / at any point on the pipe line distant /1 
from the reservoir may be expressed in terms of static head, com- 
bined velocity-head and entrance-head h’, and friction-head h’’ by 
inspection of Fig. 992; thus, 

iy = AiDi —  — kh" 
Further, from the similar triangles in the figure, 
h" = (h-hh) (h/) 


that is, the loss in friction in the distance /, is proportional to /,._ For 
long pipes, in which h’ is small, this may be written h” = h(l, J), 
or the friction loss at any point on the pipe line is proportional to the 
total head and to the distance of the point from the reservoir. TH 

The above discussion shows that it is immaterial where the pipe 
enters the reservoir, provided that it enters below the hydraulic 
gradient point B. It is also not to be forgotten that the whole inves- 
tigation rests on the assumption that the lengths /, and / are sensibly 
equal to their horizontal projections. 


Prob. 99. A pipe 3 inches in diameter discharges 538 cubic feet per 
hour under a head of 12 feet. At a distance of 300 feet from the reservoir 
the depth of the pipe below the water surface in the reservoir is 4.5 feet. 
Compute the probable pressure-head at this point. : 


Art. 100. A Compounpb PIPE 


A compound pipe is one having different sizes in different 
portions of its length. The change from one length to another 
should be made by a “‘reducer,” which is a conical frustum several 
feet long, so that losses of head due to sudden enlargement or 
contraction are avoided (Arts. 76, 77). Let d,, dz, ds, etc., be the 
diameters; 11, k, J;, etc., the corresponding lengths, the total 
length being , + 4+ etc. Let a, m, etc., be the velocities in 
the different sections. Neglecting the loss of head at entrance 
and also that lost in curvature, the total head # may be placed 
equal to the loss of head in friction, or 


2 2 
h=f, Lee + fo ba 0 + ete. 
dy 2g dz 2g 


* Engineering News, 1891, vol. 26, P- 519; 1893, vol. 29, pp. 423, 588. 
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Now if the discharge per second be q, and the flow be steady 
v= 9/4 7d; v= q/i md’, etc. 


Substituting these velocities and solving for g, gives 


2gh 
G7 aan | (100) 
Lae ja dye etc. Ss 


in which the friction factors /,; fe, etc., corresponding to the given 
diameters and computed velocities are found from Table 90a. 


_ For example, consider the 
case of a pipe having only 
two sizes; let d,; = 2 and 
1, = 2800 feet, d, = 1.5 and 
l, = 2145 feet, and # = 127.5 
feet. Using for fi, and f2 the 
mean value, 0.02, and making the substitutions in the formula, 


there is found g = 26.2 cubic feet per second 


Fig. 100. 


from which 2, = 8.3 and % = 14.8 feet per second 
Now from Table 90q it is seen that f; = 0.015 and fz = 0.015 ; and 
repeating the computation, 


q = 30.2 cubic feet per second 
whence 2; = 9.6 and v. = 17.1 feet per second. 
These results are probably as definite as the table of friction fac- 
tors will allow, but are to be regarded as liable to an uncertainty 
of several percent. | 
To determine the diameter of a pipe which will give the same 
discharge as the compound one, it is only necessary to replace 
the denominator in the above value of g by fl/d’, where] = +h 
+ etc., and d is the diameter required. Taking the values o€ 
jas equal,this gives 7; fj, , J 
“ =-1+— + etc 
Go dP dy 
Applying this to the above example, it becomes 
4945 _ 2800 2145 
d° 2° £5? 


from which d ='1,68 feet, or about 20 inches, 


4 
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A compound pipe is sometimes used to prevent the hydraulic 
gradient from falling below the pipe line. Thus, it is seen in Fig. 
100 that the hydraulic gradient rises at D, and falls at D,, and that its 
slope over the larger pipe is less than over the smaller one. These 
slopes and the amount of rise at D, can be computed for a given 
case. Using the above numerical data, the loss of head in friction for 
too feet of the large pipe is 


2 
100 ¥ 
h” = 0.015 ——~— = 1.07 feet, 
2 2g 


while the same for the small pipe is 4.55 feet. Hence the slope of the 
gradients AC, and C,C is more than four times as rapid as that of the 
gradient F,/. In the large pipe at D, the velocity-head is 0.01555 
X 9.6’ = 1.43 feet, and, supposing that no loss occurs in the reducer, 
the velocity-head for the small pipe is 4.55 feet. The vertical rise 
CF, of the hydraulic gradient at D, is hence the rise in pressure-head 
4.55—1.43 = 3.12 feet, and a fall of equal amount occurs at D,. 


When a portion of a small pipe is to be replaced by a large one, it 
is immaterial in what part of the length it is introduced, for it is seen 
that formula (100) takes no note of where the length /, is placed in the 
total distance /. The Romans knew that an increase in the diameter 
of a pipe after leaving the reservoir would increase the discharge, and 
the law passed by the Roman senate about the year 10 B.c. forbade a 
consumer to attach a larger pipe to the standard pipe within 50 feet 
of the reservoir to which the latter was connected.* 


Prob. 100. At Rochester, N.Y., there is a pipe 102 277 feet long, of 
which 50 828 feet is 36 inches in diameter and 51 440 feet is 24 inches in di- 
ameter. Under a head of 143.8 feet this pipe is said to have discharged in 
1876 about 14 cubic feet per second and in 1890 about 10% cubic feet per 
second. Compute the discharge by (100), and draw the hydraulic gradient. 


Art. 101. A Pier with a Nozzitr 


Water is often delivered through a nozzle in order to perform 
work upon a motor or for the purposes of hydraulic mining, the 
nozzle being attached to the end of a pipe which brings the flow 
from a reservoir. In such a case it is desirable that the pressure 
at the entrance to the nozzle should be as great as possible, and 


* Herschel, Water Supply of the City of Rome (Boston, 1889), p. 77. 
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this will be effected when the loss of head in the pipe is as small 
as possible. The pressure column in a piezometer, supposed to 
be inserted at the end. of the 
pipe, as shown at C,D, in 
Fig. 101, measures the pres- 
sure-head there acting, and the 
height AiC, measures the lost 
head plus the velocity-head, 
the latter being very small. 


_ Let / be the total head on the end of thenozzle, D its diameter, 
and V the velocity of the issuing stream. Let d and » be the 
corresponding quantities for the pipe, and / its length. Then the 
effective velocity-head of the issuing stream is V2/2g, and the lost 
head is h—V?/2g. This lost head consists of several parts: 
that lost at the entrance D; that lost in friction in the pipe; that 
lost in curves and valves, if any; and lastly, that lost in the nozzle. 
Then the principle of energy gives the equation 


gale d Aes coop te cabal 
2g 2g d 2g 2g 2g 2g 

Here m is determined by Art. 89, f by Art. 90, m by Art. 91, m 
by Art. 92, while m’ for the nozzle is found in the same manner 
as m is found for the pipe, or m’ =(1/c,)? — 1, where c is the co- 
efficient of velocity for the nozzle (Art. 83). This value of mm’ 
takes account of all losses of head in the nozzle, so that it is un- 
necessary to consider its length; for a perfect nozzle c, is unity 


and m’ is zero. ~ 


Fig. 101. 


The velocities » and V are inversely as the areas of the cor- 
responding cross-sections (Art. 31), since the flow is steady, 
whence V=2(d/D)?. Inserting this in the above equation and 
solving for v gives, if m and m, be neglected, 


a= u agh (101) 
m+ f (l/d)+(1/c.)?(d/D)* 
for the velocity in the pipe. The velocity and discharge from the 
nozzle are then given by 


V =(d/D)% g=i7D°V 
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and the velocity head of the jet is V?/2g. These equations 
show that the greatest value of V obtains when D is as small as 
possible compared to d, and that the greatest discharge occurs 
when D is equal to d. When the object of a nozzle is to utilize 
the velocity-head of a jet, a large pipe and a small nozzle should 
be employed. When the object is to utilize the energy of the jet 
in producing power by a water wheel, there is a certain relation 
between D and d that renders this a maximum (Art. 161). \> 0 

As a numerical example, the effect of attaching a nozzle 
to the pipe whose discharge was computed in Art. 94 will be 
considered. There /=1500, d=0.25, and h=64 feet; m=o.5, 
v=5.3 feet, and g=0.26 cubic feet per second. Now let the nozzle 
be one inch in diameter at the small end, or D=0.0833 feet, and 
let its coefficient c, be 0.98. Here d/D=3, and for f=0.025 
the velocity in the pipe is 

2=4| 2° 32.10 X04 
0.5 0.025 X 1500 X 4-4 1.041 X 81 


or v=4.2 feet per second. The effect of the nozzle, therefore, 
is to reduce the velocity in the pipe. The velocity of the jet 
at the end of the nozzle is, however, 


V = 0(d/D)? = 37.8 feet per second, 

and the discharge per second from the nozzle is 

g=47D°V = 0.206 cubic feet 
which is about 20 percent less than that of the pipe before the 
nozzle was attached. The nozzle, however, produces a marvel- 
ous effect in increasing the energy of the discharge; for the veloc- 
ity-head corresponding to 5.3 feet per second is only 0.44 feet, 
while that corresponding to 37.8 feet per second is 22.2 feet, or 


about 50 times as great. As the total head is 64 feet, the efficiency 
of the pipe and nozzle is about 35 percent. 


If the pressure-head /, at the entrance of the nozzle be observed, 
either by a piezometer tube or by a pressure gage, the velocity of dis- 
charge from the nozzle can be computed by the formula 


Ve 2 ghy 
Y= Ga)? (D/d! 
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the demonstration of which is given in Art. 83. This can be used when 
a hose and nozzle is attached at any point of a pipe or at a hydrant. 
It can also be used to compute /, when V has been found. Thus, for 
the above example, 


hy = & — ose = 22.8 feet 
2g 


which shows that the loss of head in the nozzle is about 0.6 feet. The 
loss of head at entrance, for this case, is about 0.2 feet, and the loss of 
head in friction in the pipe is 41.0 feet. 

_ Prob. 101. A pipe 12 inches in diameter and 4320 feet long leads from 
a reservoir to a gravel bank against which water is delivered from a nozzle 
2 inches in diameter. The head on the end of the nozzle is 320 feet and the 
coefficient of velocity of the nozzle is 0.97. Compute the velocity in the 
pipe, the velocity-head of the jet, and the discharge. 


Art. 102. HOoOUSE-SERVICE PIPES 


A service pipe which runs from a street main to a house is 
connected to the former at right angles, and usually by a corpo- 
ration cock or by a “ferrule.” The loss of head at entrance 
in such cases is hence larger 
than in those before discussed, 
and m should probably be taken 
as at least equal to unity. The 
pipe, if of lead, is frequently 
carried around sharp corners by 
curves of small radius; if of 
iron, these curves are formed by 
pieces forming a quadrant.of a 
circle into which the straight parts are screwed, the radius of 
the center line of the curve being but little larger than the radius 
of the pipe, so that each curve causes a loss of head equal 
nearly to double the velocity-head (Art. 91). For new iron 
pipes the loss of head due to friction may be estimated by the 
rules of Art. 90 or by Table 908. 

A water main should be so designed that a certain minimum 
pressure-head /, exists in it at times of heaviest draft. This 
pressure-head may be represented by the height of the pie- 


Fig. 102c. 
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zometer column AB, which would rise in a tube supposed to be 
inserted in the main, as in Fig. 102a._ The head /# which causes 
the flow in the pipe is then the difference in level between the top 
of this column and the end of the pipe, or AC. Inserting for 
h this value, the formulas of Arts. 94 and 95 may be applied to the 
investigation of service pipes in the manner there illustrated. 
As the sizes of common house-service pipes are regulated by 
the practice of the plumbers and by the market sizes obtain- 
able, it is not often necessary to make computations regarding 
the flow of water through them. 


The velocity of flow in the main has no direct influence 
upon that in the pipe, since the connection is made at right angles. 
But as that velocity varies, owing to the varying draft upon the 
main, the effective head # is subject to continual fluctuations. 
When there is no flow in the main, the piezometer column rises 
until its top is on the same level as the surface of the reservoir ; 
in times of great draft it may sink below C, so that no water can 
be drawn from the service pipe. 


The detection and prevention of the waste of water by con- 
sumers is a matter of importance in cities where the supply is 
limited and where meters are not in use. Of the many methods 
devised to detect this waste, one by the use of piezometers may 
be noticed, by which an inspector without entering a house may 
ascertain whether water is being drawn within, and the approxi- 
mate amount per second. Let M be the street main from which 
a service pipe MOH runs to a house H. At the edge of the side- 
walk a tube OP is connected to the service pipe, which has a three- 
way cock at O, which can be turned from 
above. The inspector, passing on his rounds 
in the night-time, attaches a pressure gage 
at P and turns the cock O so as to shut off 
the water from the house and allow the full 
pressure of the main , to be registered. 
Then he turns the cock so that the water may flow into the 
house, while it also rises in OP and registers the pressure po. 
Then if f: is less than f;, it is certain that waste is occurring 


Fig. 1020. 
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within the house, and the amount of this may be approximately 
computed and the consumer be notified accordingly. 


The pitometer, which consists of a rated Pitot tube (Art. 
41), facing the current in the pipe, with a differential gage (Art. 
37) to determine the pressure-head due to the current, is also used 
for the measurement of the flow in water mains and for the detec- 
tion of water waste. A photographic record of the difference in 
height of the columns of liquid in the gage tube is kept, and this 
shows the discharge through the water main at any instant, 
as also all fluctuations in the flow.* (See Art. 38.) 


‘When the pressure in the street main is very high, a pressure 
regulator may be placed between the main and the house in order 
to reduce the pressure and thus allow lighter pipes to be used in 
the house. Fig. 102c shows the principle of its action, where 
A represents the pipe from the main 
and B the pipe leading to the house. 
A weight W is placed upon a piston 
which covers the opening into the 
chamber C. This weight and that of 
the piston are sufficient to overcome a 
certain unit-pressure in C, and therefore Fig. 102¢. 
the unit-pressure in B is less than that 
in A by that amount. For example, suppose the pressure in A 
to be roo pounds per square inch, and let it be required that 
the pressure in B shall not rise above 60 pounds per square 
‘inch; then the piston must be so weighted that it may exert on . 
the water in C a pressure of 40 pounds per square inch. When 
water is drawn out anywhere along the pipe B, the pressure in 
the chamber above the piston falls below 60 pounds per square 
inch, and hence the piston rises and water flows from A into B 
until the pressure is restored. Instead of a weight, a spring is 
generally used, or sometimes a weighted lever. 


Large-sized pressure regulators are also used to control and 
maintain a constant pressure in distributing mains in cases where 


* Engineering Record, 1903, vol. 47, p. 122. 
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a low service level is fed from one of higher pressure, or in situa- 
tions where it is desired to maintain a pressure which shall not 
exceed a fixed maximum. 

Prob. 102. In Fig. 1020 let the house pipe be one inch in diameter and 
the pressure at the gage be 34 pounds per square inch when there is no flow. 
The distance from the main to the gage is 16 feet and from the gage to the 
end of the pipe is 29 feet. At the end of the pipe, which is 5 feet higher than 
the gage, 2.1 gallons of water are drawn per minute. Compute the pressure 
at the gage. 


ArT. 103. OPERATING AND REGULATING DEVICES 


In the operation of nearly every water works system certain 
special apparatus is employed in order to maintain nearly con- 
stant conditions within the system and under the variable 
draft to which it is subjected. These forms of apparatus are 
designed to operate automatically and so to do away with hand 
regulation. Many of these are designed, as described under 
meters in Art. 38, to trace on a chart a continuous autographic 
record of the pressure, of the water level, or of the discharge. 
Among these are pressure gages (Art.36), water stage registers 
(Art. 34), and rate of flow gages (Art. 38). 


Air valves are attached to water mains in situations where 
air is likely to accumulate within the pipe and by its presence in- 
terfere with the flow of the water or be carried along within the 
pipe and produce dangerous water hammer. Valves of this type 
permit the air within the pipe to escape, but automatically close 
and prevent the passage of water. They are also placed on all 
of the principal summits of riveted steel and other pipes so as to 
admit air into the pipe in case of a sudden break and thus pre- 
vent its collapse under external atmospheric pressure. In the 
case of cast-iron pipes, on account of the strength of their shells, 
this precaution is not usually necessary. The principle of the 
operation of the air valve is simply that of a float placed in a cham- 
ber above and connected with the pipe from which the air is to be 
removed. When air accumulates in the pipe, it passes up into 
the chamber; the float falls, and in falling, by means of a lever, 
operates and opens a valve. The air then escapes under the 
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pressure of the water until the float again rises and causes the 
valve to close. 


Pressure regulators operating on the principle described in 
Art. 102 are employed for the purpose of controlling and maintain- 
ing a constant pressure in distributing systems in situations where 
a low service level is fed from one of higher pressure. They 
may also be used to regulate the flow between reservoirs situated 
at different elevations. In the larger sized regulators the valve 
which controls the flow is operated by a pair of differential pistons 
connecting with a chamber, the pressure in which is caused to 
vary with fluctuations in pressure on the two sides of the regu- 
lator. The variations in pressure within this chamber are in- 
tensified by two small-sized regulators which connect directly 
to the high and low pressure sides of the large regulator. That 
on the upstream side of the main regulator is designed to close 
under an increase in pressure, while that on the downstream side 
will tend to open as the pressure rises. The effect of any dif- 
ference in pressure on the two sides of the main regulator is there- 
fore promptly reflected in the pressure within the chamber, and 
the differential pistons at once move to open or close the regu- 
lating valve in the effort to maintain within the pipe the pre- 
determined constant pressure at which the apparatus has been 
set. A sixteen-inch regulator of this type will control the pres- 
sure within narrow limits and pass through it, as may be necessary 
to accomplish this purpose, quantities up to ro or 15 millions of 
gallons per day. 


Relief valves for the purpose of preventing the pressure within 

a pipe from rising above some predetermined limit, either on ac- 
~ count of a sudden falling off of the draft or by water hammer, are 
also made ‘to operate on the -principle described in Art. 102, but 
in the reverse direction. The regulating valve described in 
the preceding paragraph may also be adapted for this use by 
simply making the necessary adjustments of the small regulators. 


In certain situations and principally in connection with the oper- 
ation of filtration plants it is desirable that the flow within a pipe 
shall be maintained at a constant rate. This may be accomplished 
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by permitting the water to pass into an open chamber, from which it 
flows over and through a circular weir supported on floats. As the 
water rises in the chamber the weir also rises, and a constant relation 
is thus obtained between the height of the water and that of the weir 
crest. In order to limit the necessary height of the chamber the float 
may be made to operate a butterfly valve on the inlet pipe, so that when 
the float rises the valve will partly close and thus diminish the quantity 
of water entering the chamber. Conversely as the float falls the 
valve is opened and more water permitted to enter. In neither of 
these two cases can the flow in the outlet pipe exceed the predeter- 
mined capacity of the circular weir. Another form of the rate of flow 
controller is that in which a balanced valve is operated by the differ- 
ences in pressure at the throat and downstream end of a Venturi 
tube inserted in the line. This valve will open or close as the quantity 
of water decreases or increases below or above some fixed quantity. 
In this manner a smaller or greater loss of head is automatically 
introduced into the system, and since the discharge is proportional 
to the square root of the effective head, the mechanism operates in 
such a manner as to maintain a constant flow. 


For determining the discharge or rate of flow within a pipe at 
any instant either a Venturi meter or a Pitot tube with the neces- 
sary connections may be used, as described in Arts. 38 and 41. 


Loss of head gages are used in cases where it is desired to indicate 
at one place the loss of head which occurs between two points on a 
system. The most usual application is in the case of a filter bed 
where the loss of head is constantly varying on account of the clogging 
of the filter surface. In this situation a loss of head gage indicates 
at once whether or not a filter should be put out of service and cleaned. 
A gage for this service consists of a float in each of two chambers, 
the chambers being connected with the pipe or filter system at the 
points between which it is desired to measure the difference or loss of 
head. One of the floats is connected by means of a wire to a hori- 
zontal axis which carries a pointer, while the other is connected to 
another horizontal axis which carries the dial on which the pointer 
indicates. The two horizontal axes are concident, and the reading of 
the pointer indicates the loss of head. If the water in both of the cham- 
bers rises or falls an equal amount, the pointer will still indicate the 
same loss of head, as the directions of rotation of the pointer and dial 
are the same. In order to avoid a movable dial other forms of this 
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apparatus are arranged by the introduction of a differential mechanism, 
so that the loss of head is directly indicated by the pointer on a sta- 
tionary dial. 

Valves for maintaining a constant level in a tank or reservoir are 
usually constructed, for small sizes, of a ball float operating a cock 
as it rises and falls by means of a system of levers. On larger work 
an ordinary gate valve operated by a hydraulic cylinder and piston 
may be used. A float either on the water surface itself or on the sur- 
face of mercury in a vessel connecting with the water operates a small 
three-way valve which admits the water either above or below the pis- 
ton of the hydraulic valve and so either closes or opens it as the water 
level rises above or falls below a fixed elevation. In order to prevent 
such valves from closing too rapidly and thus inducing water hammer, 
the ports of the three-way valve may be made quite small so as to 
cause the water to pass very slowly into the operating cylinder or else 
another piston may be introduced into the system and so arranged 
that the water behind it is permitted to escape through an orifice the 
size of which can be regulated. By this means the time of closing can 
be very nicely adjusted. 


All automatic devices are more or less likely to get out of order. 
This is simply due to the inherent difficulty in attaining perfection 
in any device. In order that they may at all times retain their ad- 
justment and properly perform the functions for which they have been 
designed they must be frequently inspected and always kept in good 
condition and repair. The selection of any particular form of regu- 
lating, control, or recording device will depend upon the conditions 
under which it is to operate and upon the past performance of the 
mechanism as attested by the experience of those who have used it. 


Prob. 103. Make a sketch showing the arrangement above described 
for maintaining a constant level in a tank by means of a gate valve operated 
by a hydraulic cylinder. Show also the arrangement of the dampening 
piston for preventing too rapid closing of the valve. 


Art. 104. Water Marns In Towns 


The simplest case of the distribution of water is that where 
a single main is tapped by a number of service pipes near its end, 
as shown in Fig. 104. In designing such a main the principal 
consideration is that it should be large enough so that the pres- 
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sure-head J, when all the pipes are in draft, shall be amply suffi- 
cient to deliver the water into the highest houses along the line. 
It is generally recommended that 
this pressure-head in commercial and 
manufacturing districts should not. 
be less than 150 feet, and in sub- 
urban districts not less than 100 feet. 
The height H to the surface of the 
water in the reservoir will.always be 
greater than /, and the pipe is to 
be so designed that the losses of head may not reduce /, below 
the limit assigned. The head h to be used in the formulas is 
the difference H —/,. The discharge per second g being known 
or assumed, the problem is to determine the proper diameter d 
of the water main. 


Fig. 104. 


A strict theoretical solution of even this simple case leads to 
very complicated calculations, and in fact cannot be made with- 
out knowing all the circumstances regarding each of the service 
pipes. Considering that the result of the computation is merely 
to enable one of the market sizes to be selected, it is plain that 
great precision cannot be expected, and that approximate methods 
may be used to give a solution entirely satisfactory. It will then 
be assumed that the service pipes are connected with the main 
at equal intervals, and that the discharge through each is the same 
under maximum draft. The velocity v in the main then decreases 
and becomes o at the dead end. The loss of head per linear foot 
in the length /, (Fig. 104) is hence less than in J. To determine 
the total loss of head in the length ,, let 2, be the velocity at a 
distance x from the dead end; then 7, = v- x/J, and the loss of 
head in friction in the length 8y is 


8x 0,2 x? y 
Oh Sf a ees 
’ d 2g Saag 2g . 
and hence between the limits o and J; that loss of head is 


raphe 


re 104 
adc (104) 
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provided that f remains constant. This is really not the case, but 
no material error is thus introduced, since f must be taken larger 
than the tabular values in order to allow for the deterioration of 
the inner surface of the main. The loss of head in friction for 
a pipe which discharges uniformly along its length may therefore 
be taken at one-third of.that which occurs when the discharge 
is entirely at the end. 


Now neglecting the loss of head at entrance and the effective 
velocity-head of the discharge, the total head h is entirely con- 
sumed in friction, or 

bet Pw Pe 
je Pe oe 
f d 2g +s 3d 2g 
Placing in this for v its value in terms of the total discharge ¢ 
and the diameter of the pipe, and solving for d, gives 


2 
&= (0+ 4) 2 


This is the same as the formula of Art. 97, except that / has been 
replace by 7 + 44. The diameter in feet then is 


4 3 
d=0.479(0 + wy() 


when # and /are in feet and q in cubic feet per second. 


For example, consider a village consisting of a single street 
with length J, = 3000 feet, and upon which there are 100 houses, 
each furnished with a service pipe. The probable population 
is then soo, and taking roo gallons per day as the consumption 
per capita, this gives for the average discharge per second along 


the length 
q= 500 X 100 


pepe at roy 74 cubicwieets 
7.48 X 3600 X 24 ss 


and since the maximum draft is often double of the average, 
q will be taken as 0.15 cubic feet per second. The length / to 
the reservoir is 4290 feet, whose surface is 90.5 feet above the dead 
end of the main, and it is required that under full draft the pres- 
sure-head in the main shall be 75 feet. Then h = 90.5 —75 = 
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15.5 feet, and taking f = 0.03 in order to be on the safe side, the 
formula gives d = 0.36 feet = 4.3 inches. . 


Accordingly a four-inch pipe is nearly large enough to satisfy 
the imposed conditions. 

To consider the effect of fire service upon the diameter of 
the main, let there be four hydrants placed at equal intervals 
along the line /;, each of which is required to deliver 20 cubic 
feet per minute under the same pressure-head of 75 feet. This 
gives a discharge 1.33 cubic feet per second, or, in total, g = 1.33 
+ 0.15 = 1.5 cubic feet. Inserting this in the formula, and 
using for f the same value as before, 


d = 0.897 feet = 10.8 inches. 


Hence a ten-inch pipe is at least required to maintain the required 
pressure when the four hydrants are in full draft at the same time 
with the service pipes. 

Prob. 104. Compute the velocity » and the pressure-head h, for the 


above example, if the main is 8 inches in diameter and the discharge be 1.5 
cubic feet per second. Also when the main is r2 inches in diameter. 


ArT. 105. BRANCHES AND DIVERSIONS 


In Fig. 105a is shown a main of length J and diameter d, con- 
nected with a storage reservoir, which has two branches with 
lengths 7, and i, and 
diameters d,; and d 
leading to two smaller 
distributing reservoirs. 
These data being given, 
as also the heads Ay, 
and Hy, under which 
the flow occurs, it is required to find the discharges g; and qp. 
Let 2,1, and % be the corresponding velocities; then for long 
pipes, in which all losses except those due to friction may be 
neglected, the friction-heads for the two branches are 


Fig. 105a. 


L, 0," le Vo” 
1 a. hi a 2g Ay By hy 28 


Branches and Diversions. Art. 105 255 


where y is the difference in level between the reservoir surface 
and the surface of the water in a piezometer tube supposed to be 
inserted at the junction. This y is the friction-head consumed in 
the flow in the large main, and hence from formula (90) its value is 


Inserting this in the two equations, and placing for the velocities 
their values in terms of the discharges, they become 


2g” AB, b 2 lL, 2 
A 1 faut) Thy sh 
Der yyy ett 24 fg? 
Fs 2 flint) Those 


from which the values of g; and q are best obtained by trial. 


When it is required to determine the diameters from the given 
lengths, heads, and discharges, there are three unknown quan- 
tities, d, di, dz, to be found from only two equations, and the prob- 
lem is indeterminate. If, however, d be assumed, values of di 
and d, may be found; and as d may be taken at pleasure, it ap- 
pears that an infinite number of solutions is possible. Another 
way is to assume a value of y, corresponding to a proper pressure- 
head at the junction; then the diameters are directly found from 
formula (97)3 for long pipes, in which # is replaced by y for the 
large main, and by H; — y and A, — y for the two branches. 


When two reservoirs, A; and Az, are at a higher elevation than 
a third one into which they are to deliver water by pipes of length 
l, and Jy, both of which connect with a third pipe of length 7 which 
leads to the third reservoir, the above formulas also apply. In 
this case H, and H; are the heights of the water levels in the reser- 
yoirs A, and A, above that in the third reservoir. 


When the principal main of a water-supply system enters 
a town, it divides into branches which deliver the water to different 
districts, and when such branches connect again with the princi- 
pal main, they form what may be called “diversions.” Figure 
1056 shows a simple case, A being the reservoir and AB the prin- 
cipal main, while the pipe lines BCE and BDE form two routes 
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or diversions through which water can flow to F. Let the main 
AB have the length / and the diameter d, the line BCE the length 
J, and the diameter d,, the line BDE the length /, and the diameter 
dz, while the line EF has the length /; and the diameter d;. Sup- 
pose that no water is drawn from the pipes except at F and be- 
yond, that the pressure-head Ff at F is hs, and that the static 
head Ff; on F is h, and let it be required to find the velocity and 
discharge for each of the pipes. The total head H lost in friction 
is h — hs, and if W, Wi, We, and W; represent the weights of water 


Fig. 1050. 


that pass any sections of the four pipes per second, the theorem 
of energy, neglecting the entrance head at A and the velocity-head 
at F, gives 


WH wy = Wifi : ui Tt Wat hut 2+ Weft bs Ost 
2g 


Now referring ‘to. the figure where ices are shown on the 
profile at B and £ it is seen that the loss of head in friction i is the 
same for the diversions BCE and BDE; accordingly there must 


exist the condition 
i lL, Tg = ly Vp” 


“di 2g Si 2g 


and since W equals W, + W» and also equals W;3, the above 
energy equation reduces to the simple form 


Lye hv," ls v 
pe + 3 3 
Sane NG, penne d3 2g 


The values of v; and v3 in terms of v are now to be inserted in this 
equation in order to determine v, From the conditions of con- 
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tinuity of flow and that of equality of friction-head in the diver- 
sions, are found three equations, 


ds? v3 = d?v d?yt+d?r,=dy V fili/ di = V2 V fala / dz 

and accordingly, if the square roots of the quantities f,/,/d, and 
Sol2/ dz be called e, and € for the sake of abbreviation, 

Ya ace? © end? 
: d3” ody? + ed," bs 2d," + ed? 
The above formula for H then reduces to 

al A l l e;d? 2 Is (ad \* 
cbr (et a sh(8)) 
C21 Me TREY ser mene y Suen a) 


from which v can be computed. Then 2, 2, and v3 may be found, 
as also the discharges g, q1, gz, and qs. 


V2 


As a numerical example, let / = 10 000, 4, = 2200, kk = 2800, 
i= 200 ieet, and -d = 12, d, = 8, d; = 10, dj = 10 wches; let 
F be 184 feet below the water level in the reservoir and let the 
required pressure-head at F be 155 feet, so that H = 29 feet. 
Taking for the friction factors the mean value 0.02 (Art. 90), the 
value of f1/d is 200, that of fih/di is 66, that of fol2/d: is 67.2, and 
that of f3/3/ds is 28.8. The value of e; is then 8.12 and that of é, is 
8.20, while d/d3 is 1.2. Inserting these in the last formula, there 
is found v = 2.45 feet per second; then 2 = 2.16, % = 2.14, 
and v3 = 3.53 feet per second. As a check on these results the 
friction-heads for the four pipes may be computed, and these are 
found to be 18.6 feet for 7, 4.8 feet for J; and Jz, and 5.5 feet for Js ; 
the sum of these is 28.9 feet, which is a sufficiently close agreement 
with the given 29.0 feet for a preliminary computation. The dis- 
charges are g = 43 = 1.93, @1 = 9.75, @ = 1.18 cubic feet per 
second, and the sum of gq; and q equals g, as should be the case. 
The computation may now be repeated, if thought necessary, 
the above velocities being used to take better values of the 
friction factors from Table 90a. 

There are marked analogies between the flow of water in pipes 


and the flow of electricity in metallic conductors. Thus in Fig. 1058, 
let BCE and BDE be two wires that carry the electric current passing 
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from A to Ff. If C, and Cy be the currents in these circuits and R, 
and R, the resistances of the wires, it is an electric law that R,C, = 
R2Cz, or the currents are inversely as the resistances. For water 
the discharges g, and gg are analogous to the electric currents, and, 
from the above equation, which expresses the equality of the friction- 
heads, it is seen that 


(fals/d5)? qn = (folo/de®)? 2 


and accordingly the same law holds if the coefficients of g; and gg be 
called resistances. If there be a third diversion BGE of length J, 
and diameter d, connecting B and £, the current or the discharge 
through AB divides between the three diversions according to the 
same law, and 


f Ly v4? = hv = fo Is V9? 
oul 2g dy 2g dy 22 


from which it is seen that (fsl4/d45 )2q is equal to each of the corre- 
sponding expressions for the other diversions. This subject was 
more fully discussed in Art. 202 of the ninth edition of this book. 


Prob. 105. From a reservoir A a pipe 10 000 feet long and 16 inches 
in diameter runs to a point B from which two diversions lead to E. The 
diversion BCE is 1600 feet long and 10 inches in diameter, while BDE con- 
sists of 2000 feet of r1o-inch pipe and 1500 feet of 8-inch pipe. From the 
junction E, a pipe EF, tooo feet long and 12 inches in diameter, leads to the 
business section of the town, where it is desired to have four fire streams 
deliver a total discharge of 900 gallons per minute through four hose lines of 
23-inch smooth rubber-lined hose and 14-inch smooth nozzles. The point F is 
180 feet below the water level in the reservoir. Compute the velocity and 
discharge for each pipe and hose line, the friction-head lost in each and the 
pressure-head at the end F. 


Art. 106. CAst-rRoN Pires — 


Cast-iron pipes generally range in size from 4 inches to 60 
inches in diameter the larger sizes being usually made to order. 
They are cast in 12-foot lengths and dipped into a hot bath of 
coal-tar. The joints are of the bell and spigot type, the space 
about the spigot being filled with lead or other material so as to 
form a tight joint. 


Some waters act rapidly on cast-iron causing the formation 
of tubercules of iron rust to such an extent that in the course of 
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years the diameter of the pipe may be reduced by fully 50 percent. 
Various machines have been devised for removing such incrusta- 
tions and deposits by scraping and thus in part restoring the orig- 
inal capacity of the pipe. No definite rule can be laid down for the 
selection of a proper friction factor for use in the design of a pipe. 
Each particular case must be carefully studied and the proper 
factor determined upon. Many experiments have been made in 
order to determine the friction factor in clean cast-iron pipes, and 
the results are tabulated in Table 90a. Other experiments have 
been made on pipes of various ages and a few of the results are 
here given in Table 106 in order to illustrate the range which 
is to be expected in the values of the friction factor. 


TABLE 106. AcruaL Friction Factors FOR CAST-IRON PrIpEs 


Velocity in Feet per Second 


Diam- 
eter in Reference 
Inches 


Trans. Am. Soc. C. 
Hering’s Kutter * 
Hering’s Kutter * 
Trans. Am. Soc, C, 
Hering’s Kutter * 
Trans. Am. Soc. C. 
Trans. Am. Soc. 
Trans. Am. Soc. 
Trans. Am. Soc. 
Trans. Am. Soc. 


An inspection of the foregoing table indicates the great range 
in the values of the friction factor which are caused by progressive 
deterioration of the interior surface of a cast-iron pipe. Due 
allowance for this increase of the friction factor with age must 
be made in designing pipe lines and water mains. 

Prob. 106. Compare the discharge of a new cast-iron pipe 20 inches 
in diameter and 10 000 feet long under a head of too feet with that of the 
same pipe when 25 years old. 


* Hering and Trautwine’s translation of Gauguillet and Kutter’s Flow of 
Water in Rivers and Other Channels, New York, 1889, p. 155. 
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Art. 107. RiveTED PIPES 


Pipes 36 inches and larger in diameter have been made of 
wrought-iron or steel plates riveted together. Wrought-iron, 
however, is now but little used, on account of its higher cost, 
except in the form of thin sheets for temporary pipes. Each 
section usually consists of a single plate, which is bent into the 
circular form and the edges united by a longitudinal riveted lap 
joint. The different sections are then riveted together in trans: 
verse joints so as to form a continuous pipe. At AB (Fig. 1072) 
is shown the so-called taper joint, where the end of each section 


é - 


goes into the end of the following one, as in a stovepipe, the flow 
occurring in the direction from A to B. At CD is seen the method 
of cylinder joints where the sections are alternately larger and 
smaller. For the large sizes double rows of rivets are used both 
in the longitudinal and transverse joints, the style of riveted 
joint depending on the pressure of water to be carried by the pipe. 
Riveted pipes have also been built with butt joints on both 
longitudinal and transverse seams, lap plates being on the outside. 


Pipes of this kind have long been in use in California in tem- 
porary mining operations, the diameters being from 0.5 to 1.5 
feet. In 1876 one was laid at Rochester, N.Y., partly 2 and 
partly 3 feet in diameter. Since 1892 several lines of large diam- 
eter have been constructed, notably the East Jersey pipe of 
3, 3.5 and 4 feet diameter, the Allegheny pipe of 5 feet diameter, 
and the Ogden and Jersey City pipes of 6 feet diameter. The 
steel pipe siphons now under construction on the Catskill Aque- 
duct for the city of New York vary in diameter from 9.5 to 11.2 
feet. These pipes will be covered with concrete as a protec- 
tion against exterior corrosion and will be lined inside with 2 
inches of Portland cement mortar both as a protective coating, 
as well as for the purpose of increasing their capacity. This, it 


Riveted Pipes. Art. 107 261 


may be noted, is a re-adoption of the old cement-lined pipe and 
it may be stated that the capacity of a pipe so lined is about 25 
percent greater than that of the same pipe without such lining. 


Owing to the friction caused by the rivets and joints the dis- 
charge from riveted pipes is less than that from cast-iron pipes 
in which the obstruction caused by the joints is very slight. 
The following values of the friction factor f, which have been 
derived from the data given by Herschel,* are applicable to new 
clean riveted pipes coated with asphaltum in the usual manner, 


Velocity in feet per second, v= 1 2 3 4 5 6 

3 ft. diam., f=0.035 0.029 0.024 0.02I 0.019 0.017 
4 ft. diam., f=0.025 0.022 0.020 0,020 0.021 0,02I 
33 ft. diam., f=0.025 0.024 0.023 0.022 0.022 0,022 
4 ft. diam., f=0.027 0.026 0.025 0.024 0.023 0,023 


Cylinder joints | 
Taper joints 


These friction factors are approximately double those given 
for new cast-iron pipes in Art. 90, this increase being largely due 
to the friction of the rivet heads and lapped joints though some 
of it is probably chargeable to the roughness of the asphaltum 
coating. It must be noted that these factors increase with age, 
thus when four years old the upper end of the above 4-foot : 
cylinder joint pipe gave the following values: 


Velocity in feet per second, v= 1 2 3 4 5 6 
Cylinder joint 4 ft. diam., f=0.042 0.032 0.030 0.029 0.029 0.029 


while the lower portion of this same pipe gave the following values: 


Velocity in feet per second, v= 1 2 3 4 5 6 
Cylinder joint 4 ft. diam., f=0.027 0.024 0.023 0.024 0,024 0.024 


The diminution in capacity here shown during a period of 
4 years is greater for the upper than for the lower part of the line 
and this is to be ascribed in part at least to the greater number 
of vegetable growths which occur in most lines near, and for some 
distance below their intakes. 

When this same pipe was 15 years old (Art. 121) the values 
of the friction factor for its upper end were as follows: 


Velocity in feet per second,v= 1 2 3 4 5 
Cylinder joint 4 ft. diam., f= 0.036 0.036 


6 


* 115 Experiments on the Carrying Capacity of Large, Riveted, Metal Con~ 
duits, New York, 1897. 
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and at this same age the values for its lower end were: 


Velocity in feet per second,v= 1 2 3 4 5 6 
Cylinder joint 4 ft. diam., f=0.046 0.034 0.032 0.031 


Similarly the 33-foot-diameter taper joint pipe above referred 
to, when 11 years old, gave the following values for the friction 
factor : 


Velocity in feet per second, v= 1 2 a 4 5 6 
Taper joint 33 ft. diam., f=0.050 0.036 0.034 0.032 


Experiments on the 6-foot Jersey City Water Supply Company” 
taper joint pipe gave the following values for the friction factor 
at ages of 2 months to 5% years: 


Velocity in feet per second, »= 1 2 3 4 
at 2 year, f =0.021 0.022 0.022 0.022 
at 13 years, f =0.029 0.026 0.026 0.025 
at 23 years, f = 0.034 0.029 0.027 0.027 
at 55 years, f = 0.036 0.034 0.035 


Gagings by Marx, Wing, and Hoskins} of the flow through a, 
steel riveted pipe 6 feet in diameter with butt joints when new, 


and again after two years’ use furnish the following values of the 
friction factor /: 


Velocity in feet per second, y= 1 2 B 4 5 6 
1897, f=0.021 0.021 0.022 0.021 
1899, f=0.038 0.027 0.025 0.024 0,023 0.023 


These results indicate a marked diminution with age in carry: 
ing capacity. This reduction is in part due to the formation of 
blisters in the asphaltum coating, which is generally used, in part, 
to the formation of tubercules or rust spots and in part to vegeta- 
ble growths and incrustations formed by deposits from the water. 


The so-called lock-bar pipe (F ig. 1075) was first used on the Cool. 
gardie line in Australia and since 1900 has been introduced to a con 
siderable extent in the United States. In this style of pipe the transverse 
joints are made up with rivets, as in the ordinary riveted pipe, but the 


* Here published by courtesy of Jersey City Water Supply Company, 
t Transactions American Society of Civil Engineers, 


1898, vol. 40, 
Pp. 471; and 1900, vol. 44, p. 34. 
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longitudinal joints are made by clamping the edges of the plates under 
heavy pressure into a grooved bar which thus holds them together and 


makes a joint of exceptional strength. No longitudinal rivets there- 
fore interfere with the flow, and 


as the plates of which the pipe 
is made can be used with their 
longer edges parallel to the axis 
of the pipe, the number of 
transverse joints can be reduced 
from 50 to 60 per cent. The carrying capacity of this style of pipe 
is probably materially in excess of that of riveted pipe, but no re- 
corded experiments are available from which values of the friction 
factor can be stated. 


Fig. 1078. 


Prob. 107. Construct curves showing the progressive increase with age 
in the value of the friction factor f for riveted steel pipes of 42, 48, and 60 
inches in diameter. 


Art. 108. Woop PIrEs 


Wood pipes were used in several American cities during the 
years 1750-1850, these being made of logs laid end to end, a 3 or 
4 inch hole having been first bored through each log. Pipes 
formed of redwood staves were first used in California about 
1880, these staves being held in place by bands of wrought-iron 
arranged so that they could be tightened by a nut and screw. 
Several long lines of these large conduit pipes have been built 
in the Rocky mountains and Pacific states. They have also 
been used there for city mains to a limited extent and recently 
have been introduced in the East on main distributing lines. 


Gagings of a wood pipe 6 feet in diameter were made by Marx, 
Wing, and Hoskins, in connection with those of the steel pipe 
cited in Art. 107. The values of the friction factor f deduced from 
their results for velocities ranging from 1 to 5 feet per second are 


Velocity in feet per second, »= 1 2 3 4 5 
1897, f=0.026 0.019 0.017 0.016 
1899, f=0.019 0.018 0.017 0.017 0.017 


These show that this wood pipe became smoother after two years’ 
use, while the steel pipe became rougher. 
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T. A. Noble’s gagings of wood pipes 3.67 and 4.51 feet in 
diameter furnish similar values of f.* For the smaller pipe f 
ranges from 0.021 to 0.019, with velocities ranging from 3.5 
to 4.8 feet per second. For the larger pipe f ranges from 0.019 
to 0.016, with velocities ranging from 2.3 to 4.7 feet per second. 
From Adams’ measurements on a pipe 1.17 feet in diameter the 
values of f range from 0.027 to 0.020, with velocities ranging from 
0.7 to 1.5 feet per second. Noble’s discussion of all the recorded 
gagings on wood pipes show certain unexplained discrepancies, 
and he proposes special empirical formulas to be used for precise 
computations. Wooden stave pipes after being in service some 
time may undergo considerable alterations in form, as the circle 
is apt to be deformed into an ellipse. 


By the help of the formulas of the preceding pages, computations 
for the velocity and discharge of steel and wood pipes under given heads 
may be readily made. As such pipes are generally long, the formulas 
of Art. 97 will usually apply. In designing a pipe line a liberal factor 
of safety should be introduced by taking a value of f sufficiently large 
so that the discharge may not be found deficient after a few years’ 
use has deteriorated its surface. 

Prob. 108. What is the discharge, in gallons per day, of a wood stave 


pipe 5 feet in diameter when the slope of the hydraulic gradient is 47.5 feet 
per mile ? 


Art. 109. Fire Hose 


Fire hose is generally 2} inches in diameter, and lined with 
rubber to reduce the frictional losses. The following values 
of the friction factor f have been deduced from the experiments 
of Freeman.{ 


Velocity in feet per second, v= 4 6 Io ray 20 

Unlined linen hose, f =0.038 0.038 0.037 0.035 0.034 
Rough rubber-lined cotton, f=0.030 0.031 0.031 0.030 0.029 
Smooth rubber-lined cotton, f = 0.024 0.023 0.022 0.019 0.018 
Discharge, gallons per minute = 61 92 153 230 306 


By the help of this table computations may be made on flow of 
water through fire hose in the same manner as for pipes. It is 


* Transactions American Society of Civil Engineers, 1902, vol. 49, pp. I12, 143. 
} Transactions American Society of Civil Engineers, 1889, vol. 21, P- 303; 346. 
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seen that the friction factors for the best hose are slightly less than 
those given for 23-inch pipes in Table 90a. 


When the hose line runs from a steamer to the nozzle, instead 
of from a reservoir, the head / is that due to the pressure p at 
the steamer pump (Art.11). If this hose line is of uniform diam- 
eter the velocity in the hose and nozzle may be computed by 
Art. 101 and the discharge is then readily found. For example, 
let the hose be 23 inches in diameter and 400 feet long, the pres- 
sure at the steamer be 100 pounds per square inch, which corre- 
sponds to a head of 230.4 feet, and the nozzle be 14 inches in diam- 
eter with a coefficient of velocity of 0.98. Then, neglecting 
the loss of head at entrance, and using for f the value 0.03, the 
velocity from the nozzle is found to be 66.0 feet per second, which 
gives a velocity-head of 67.7 feet and a discharge of 180 gallons 
per minute. The head lost in friction is 230.4—67.7=162.7 
feet, of which 2.8 feet are lost in the nozzle and the remainder 
in the hose. 

Sometimes the hose near the steamer is larger in diameter 
than the remaining length. Let 7, be the length and d, the di- 
ameter of the larger hose, and J, and d,; the same quantities for 
the smaller hose. Let, be the coefficient of velocity for a sniooth 
nozzle, D its diameter, and V the velocity of the stream issuing 
from the nozzle. By reasoning as in Arts. 93 and 101, and neg- 
lecting losses of head at entrance and in curvature, there is 
found for the velocity at the end of the nozzle 


ee ys 2 gh 1 
ve E(DY 7, 8()4 2 sh 
. vale 0, ote 


() 


and the discharge is given by g=47D°V. For example, let h= 
230.4, 1 =100, k=300 feet; d\=3, d2=2.5, D=1.125 inches; 
¢ =0.98, and fi =f,=0.03. Then, by the formula V = 69.7 feet per 
second, which gives a velocity-head of 75.5 feet and a discharge 
of 190 gallons per minute. This example is the same as that 
of the preceding paragraph, except that a larger hose is used 
for one-fourth of the length, and it is seen that its effect is to 
increase the velocity-head nearly 12 per cent and the discharge 
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nearly 6 per cent. For this case the head lost in friction is 154.9 
feet, of which 3.1 feet are lost in the nozzle and the remainder 
in the 400 feet of hose. 


In using the above formula the tip of the nozzle is supposed to be 
on the same level with the pressure gage at the steamer pump and the 
head / is given in feet by 2.304 p, where # is the gage reading in pounds 
per square inch. When the tip of the nozzle is a vertical distance z 
above this gage, / is to be replaced by # —z in the formula; when it 
is the same vertical distance below the gage, # is to be replaced by 
h+z. In the former case gravity decreases and in the latter case 
it increases the velocity and discharge. The above formula applies 
also to the case of a hose connected to a hydrant, if / is the effective- 
head at the entrance, that is, the pressure-head plus the velocity-head 
in the hydrant. In Art. 201 will be found further discussions re- 
garding pumping through fire hose. 


At a hydrant of diameter d, the pressure-head is 4,. To this is 
attached a hose of length / and diameter d and to the end of the hose 
a nozzle of diameter D and velocity coefficient cy. Neglecting losses 
at entrance and in curvature the formula for computing the velocity 
of the jet issuing from the nozzle, when its tip is held at the same level 
as the gage that indicates the pressure-head, is 


i 2ghy 
LD Nae eet 
J d ie ) " Gra 
Prob. 109. When the pressure-gage at the steamer indicates 83 pounds 
per square inch, a gage on the leather hose 800 feet distant reads 25 pounds. 
Compute the value of the friction factor f, the discharge per minute being 


r21 gallons. If the second gage be at the entrance to a 11-inch nozzle, 
compute its coefficient of velocity. 


V= 


Art. 110. Orer Formutas For FLow In Press 


The formulas thus far presented in this chapter are based 
upon the assumption that all losses of head vary with the square 
of the velocity. This is closely the case for the velocities common 
in engineering practice, but for velocities smaller than o. 5 feet 
per second the losses of head due to friction have been found to 
vary at a less rapid rate, and in fact nearly as the first power of 
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the velocity. Probably at usual velocities the loss of head in 
friction is composed of two parts, a small part varying directly 
with the velocity which is due to cohesive resistance along the 
surface, and a large part varying as the square of the velocity 
which is due to impact as illustrated in Fig. 90. This was recog- 
nized by the early hydraulicians who, after defining the friction 
head and friction factor as in (90), by the formula 


hh!’ =f-— 


endeavored to express f in terms of the velocity v. Thus, 
D’Aubisson deduced 


f= 0.0269 + 0.00484 


and Weisbach advocated the form 


we 0.0172 
= 0.0144 + 
Jf CESS air 
Darcy, on the other hand, expressed f in terms of d, namely, 
if = 0.01004 0.00167 


d 


All these expressions are for English measures, v being in feet 
per second and d in feet. Later investigations show, however, 
that f varies with both v and d, and the best that can now be 
done is to tabulate its values as in Table 90a. In fact it may 
be said that the theory of the flow of water in pipes at common 
velocities is not yet well understood. 


Many attempts have been made to express the velocity of 
flow in a long pipe by an equation of the form 


ree ey 


in which «, 8, and ¥ are to be determined from experiments in 
which », d, h, and / have been measured. The exponential for- 
mula deduced by Lampe for clean cast-iron pipes varying in 
diameter from one to two feet is 


V=77-7 d° Go HfL yo ore (110) 
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in which d, #, and J are to be taken in feet, and v will be found in 
feet per second. From this are derived 


= 01.0 02° '(h/1)) ed = Oot 7 ge hye 


by which discharge and diameter may be computed. Other 
investigators find different values of 8 and y¥, the values B=? 
and y= being frequently advocated. 

| The formula of Chezy (Art. 113), that of Kutter (Art. 118), 
that of Bazin (Art. 122), and that of Williams and Hazen (Art. 
124), are often used for long pipes, care being taken to select the 
proper value of c for the first, of x for the second, of m for the 
third, and of ¢ for the fourth. The formulas of Kutter and Bazin 
are sometimes more advantageous than the others since in using 
them the roughness of the surface of the pipe can better be 
taken into account. 


The formulas of this chapter do not apply to very small pipes 
and very low velocities, and it is well known that for such condi- 
tions the loss of head in friction varies as the first power of the velocity. 
This was shown in 1843 by Poiseuille, who made experiments in order 
to study the phenomena of the flow of blood in veins and arteries. 
For pipes of less than 0.03 inches diameter he found the head h to 
be given by # = C,lv/d, where C, is a constant factor for a given tem- 
perature, v is the velocity, d the diameter, and / the length of the pipe. 
Later researches indicate that the laws expressed by this equation 
also hold for large pipes provided the velocity be very small, and that 
there is a certain critical velocity at which the law changes and beyond 
which # = C,Jv’/d, as for the common cases in engineering practice. 
This critical point appears to be that where the filaments cease to move 
in parallel lines and where the impact disturbances illustrated in F ig. 
90 begin. For a very small pipe the velocity may be high before this 
critical point is reached; for a large pipe it happens at very low veloci- 
ties. Experiments devised by Reynolds enable the impact disturb- 
ance to be actually seen as the critical velocity is passed, so that its 
existence is beyond question. It may also be noted that the velocity 
of flow through a submerged sand filter bed varies directly as the first 
power of the effective head. 


Prob. 110. Solve Problems 94 and 95 by the use of the above formulas 
of Lampe. 
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Art, 111. Computations In Metric MEASURES 


Nearly all the formulas of this chapter are rational in form, the 
coefficient of velocity c,, the factors f and f;, and the factors m, m, 
ms, and m’ are abstract numbers which have the same values in all 

systems of measures. 


(Art. 90) The mean value of the friction factor f is 0.02, and Table 
11la@ gives closer values corresponding to metric arguments. For 


TABLE llla. Friction Factors FOR CLEAN [RON PIPES 


Arguments in Metric Measures 


\ 


Velocity in Meters per Second 


Diameter in 
Centimeters 


1.0 1.5 


inks 


example, let / = 3000 meters, d = 30 centimeters = 0.3 meters, and 
y = 1.75 meters per second. Then from the table f is 0.022, and 


hl’ = 0.022 X 32° x En 34.3 meters, 
0.3 19.6 
which is the probable loss of head in friction. By the use of Table 
111d approximate computations may be made more rapidly, thus for 
this case the loss of head for 100 meters of pipe is found to be 1.10 
meters, hence for 3000 meters the loss of head is 33 meters. 


(Art. 94) The metric value of lory/og is 3.477 and that of 8/1°¢ 
is 0.2653. 

(Art. 95) When (95) is used in the metric system, the constant 
0.4789 is to be replaced by 0.6075 ; here g is to be in cubic meters per 
second, and / and d in meters. 
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TABLE 111b. Friction HEAD ror 100 METERS OF CLEAN IRON 
PIPE 


Metric Measures 


Velocity in Meters per Second 
Diameter in 
Centimeters 


0.3 0.6 1.0 


Meters Meters 


I.44 5.02 
0.58 1.96 
.18 0.64 


.08 30 
.04 oils 
03 Ke) 
.02 .06 
OI -04 
.02 
OI 


(Art. 97) In (97). the two constants are 4.43 and 3.48 instead 
of 8.02 and 6.30. In (97), the constant is 0.607 instead of 0.4709. 


(Arts. 106, 107, and 108) The friction factors f for cast iron, steel 
and wood pipes may be taken for metric arguments by using the 
velocities in meters per second, namely, by writing 0.3, 0.6, 0.9, 1.2, 
I.5, 1.8 meters per second, instead of I, 2, 3, 4, 5, 6 feet per second. 


(Art. 109) For fire hose the values of the friction factor f for 
metric data are as follows, for hose 6.35 centimeters in diameter : 
Velocity, meters per second, v=1.22 1.83 3.05 Wee One 
Unlined linen hose, f =0.038 0.038 0.037 0.035 0.034 
Rough rubber-lined cotton, f= 0.030 0.031 0.031 0.030 0.029 
Smooth rubber-lined cotton, f=0.024 0.023 0.022 0.019 0.018 
Discharge, liters per minute, = 231 348 579 871 1158 
(Art. 110) In the metric system the formulas for the friction 
factor f are the same as those in the text, except that the numerator 
of the last term is to be divided by 3.28 in the formulas of D’Aubisson 
and Darcy and by 1.81 in that of Weisbach. Lampe’s formula is 


Y= 54.1 d9.694( fp /]) 0-565 
and his formulas for discharge and diameter are 


qI= 42.5 EACH IES 555 d= 0.249 q® sabe 206 
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in which d, h, and / are in meters, v in meters per second, and q in 
cubic meters per second. 


Prob. 110a. Compute the diameter, in centimeters, for a pipe to de- 
liver 500 liters per minute under a head of 2 meters, when its length is 100 
meters. Also when the length is 1000 meters. 


Prob. 1106. Compute the velocity-head and discharge for a pipe 1 meter 
in diameter and 856 meters long under a head of 64 meters. Compute the 
same quantities when a smooth nozzle 5 centimeters in diameter is attached 
to the end of the pipe. 


Prob. 110c. A compound pipe has the three diameters 15, 20, and 30 
centimeters, the lengths of which are 150, 600, and 430 meters. Compute 
the discharge under a head of 16 meters. 


Prob. 110d. A steel-riveted pipe 1.5 meters in diameter is 7500 meters 
long. Compute the velocity and discharge under a head of 30.5 meters. 


Prob. 110e. The value of C; in Poiseuille’s formula for small pipes is 
0.0000177 for English measures at 10° centigrade. Show that its value is 
0.0000690 for metric measures. 


Prob. 110f. In Fig. 105d let the pipe AB be 3000 meters long and 30 
centimeters in diameter, BCD be 800 meters long and 20 centimeters in diam- 
eter, BCE be tooo feet long and 20 centimeters in diameter, and EF be 
300 meters long and 30 centimeters in diameter. Compute the velocity and 
discharge for each pipe when the total lost head H is 12.5 meters. 
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CHAPTER 9 
FLOW IN CONDUITS AND CANALS 
Art. 112. DEFINITIONS 


From the earliest times water has been conveyed from place 
to place in artificial channels, such as troughs, aqueducts, ditches, 
and canals, there being no head to cause the flow except that due 
to the slope. The Roman aqueducts were usually rectangular 
channels about 23 feet wide and 5 feet deep, lined with cement, 
sometimes running underground and sometimes supported on 
arches. The word “conduit”’ will be used as a general term for 
a channel of any shape lined with timber, mortar, or masonry, 
and will also include large metal pipes, troughs, and sewers. 
Conduits may be either open, as in the case of troughs, or closed, 
as in sewers and most aqueducts. Ditches and canals are con- 
duits in earth without artificial lining. Most of the principles 
relating to conduits and canals apply also to streams, and the 
word “‘ channel ”’ will be used as applicable to all cases. 


The wetted perimeter of the cross-section of a channel is 
that part of its boundary which is in contact with the water. 
Thus, if a circular sewer of diameter d be half full of water, the 
wetted perimeter is 37d. In this chapter the letter p will desig- 
nate the wetted perimeter. 


The hydraulic radius of a water cross-section is its area divided 
by its wetted perimeter, and the letter r will be used to designate 
it. If a is the area of the cross-section, the hydraulic radius of 
that section is found by 

r=a/p 


The letter 7 is of frequent occurrence in formulas for the flow 
in channels; it is a linear quantity which is always expressed in 
the same unit as , and hence its numerical value is different in 
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different systems of measures. It is frequently called the hy- 
draulic depth or hydraulic mean depth, because for a shallow 
section its value is but little, 

less than the mean depth of Vi ————S jl 
the water. Thus, in Fig. 112, Cdl 

if b be the breadth on the he? 

water surface, the mean depth is a/b, and the hydraulic radius is 


a/p; and these are nearly equal, since the length of p is but 
slightly larger than that of 0. 


~The hydraulic radius of a circular cross-section filled with 
water is one-fourth of the diameter ; thus 


r=a/p=40d?/nd = td 
The same value is also applicable to a circular section half filled 


with water, since then both area and wetted perimeter are one- 
half their former values. 


The slope of the water surface in the longitudinal section, 
designated by the letter s, is the ratio of the fall # to the length 
Zin which that fall occurs, or 

s=h/l 

The slope is hence expressed as an abstract number, which is in- 
dependent of the system of measures employed. To determine 
its value with precision # must be obtained by referring the water 
level at each end of the line to a bench-mark by the help of a hook 
gage or other accurate means, the benches being connected by 
level lines run with care. The distance / is not measured hori- 
zontally but along the inclined channel, and it should be of con- 
siderable length in order that the relative error in may not be 
large. If s =o there is no slope and no flow; but when there 
is even the smallest slope the force of gravity furnishes a com- 
ponent acting down the inclined surface, and motion ensues. 
The velocity of flow evidently increases with the slope. 


The flow in a channel is said to be steady when the same quan- 
tity of water per second passes through each cross-section. If 
an empty channel be filled by admitting water at its upper end, 
the flow is at first non-steady or variable, for more water passes 
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through one of the upper sections per second than is delivered 
at the lower end. But after sufficient time has elapsed the flow 
becomes steady; when this occurs the mean velocities in different 
sections are inversely as their areas (Art. 31). 


Uniform flow is that particular case of steady flow where all 
the water cross-sections are equal, and the slope of the water 
surface is parallel to that of the bed of the channel. If the sec- 
tions vary, the flow is said to be non-uniform, although the con- 
dition of steady flow is still fulfilled. In this chapter only the 
case of uniform flow will be discussed. 


The velocities of different filaments in a channel are not equal, 
as those near the wetted perimeter move slower than the central 
ones, owing to the retarding influence of friction. The mean of all 
the velocities of all the filaments in a cross-section is called the 
mean velocity v. Thus if v’, v’’, etc., be velocities of different 
filaments, 

See? ete. 
n 


Uv 


in which m is the number of filaments. Let a be the area of 
the cross-section and let each filament have the small cross-section 
of area a’; then »=a/a’, and hence, 


av = a'(v' +: 0"’ + etc.) 


But the second member is the discharge q; that is, the quantity 
of water passing the given cross-section in one second. There- 
fore the mean velocity may be also determined by the relation 


v=qg/a 
The filaments which are here considered are in part imaginary, 
for experiments show that there is a constant sinuous motion of 
particles from one side of the channel to the other. The best 
definition for mean velocity hence is, that it is a velocity which 
multiplied by the area of the cross-section gives the discharge, 
or v=q/a. 


Prob. 112. Compute the hydraulic radius of a rectangular trough 
whose width is 5.6 feet and depth 2.8 feet. 
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ArT. 113. Formuta ror Mean Vetocity 


When all the wetted cross-sections of a channel are equal, 
and the water is neither rising nor falling, having attained the 
condition of steady flow, the flow is said to be uniform. This is 
the case in a conduit or canal of constant size and slope whose 
supply does not vary. The same quantity of water per second 
then passes each cross-section, and consequently the mean veloc- 
ity in each section is the same. This uniformity of flow is due 
to the resistances along the interior surface of the channel, for 
were it perfectly smooth the force of gravity would cause the 
velocity to be accelerated. The entire energy of the water due 
to the fall # is hence expended in overcoming resistances caused 
by surface roughness. A part overcomes friction along the sur- 
face, but most of it is expended in eddies of the water, whereby 
impact results and heat is generated. A complete theoretic 
analysis of this complex case has not been perfected, but if the 
velocity be not small, the discussion given for pipes in Art. 90 
applies equally well to channels. 


Let W be the weight of water passing any cross-section in 
one second, F the force of friction per square unit along the surface, 
p the wetted perimeter, and / the fall in the length /. The poten- 
tial energy of the fall is Wh. The total resisting friction is Fpl, 
and the energy consumed per second is F piv, if v be the velocity. 
Accordingly Fplv equals Wh. But the value of W is wav, if w 
is the weight of a cubic foot of water and a the area of the 
cross-section in square feet. Therefore Fp] = wah, and since 
a/p is the hydraulic radius r, and h/I is the slope s, this reduces 
to F = wrs, which is an approximate expression for the resisting 
force of friction on one square unit of the surface of the channel. 
Tn order to establish a formula for the mean velocity the value 
of / must be expressed in terms of v, and this can only be done 
by studying the results of experiments. These indicate that F 
is approximately proportional to the square of the mean velocity. 
Therefore if c is a constant, the mean velocity is 


v=C Vrs (113) 


276 Chap. 9. Flow in Conduits and Canals 


which is the formula first advocated by Chezy in 1775. This is 
really an empirical expression, since the relation between F and 
v is derived from experiments. The coefficient c varies with the 
roughness of the bed and with other circumstances. 


Another method of establishing Chezy’s formula for channels 
is to consider that when a pipe on a uniform slope is not under 
pressure, the hydraulic gradient coincides with the water surface. 
Then formula (90) may be used by replacing h’’ by h and d by 
its value 47. Accordingly 


, peg) te or v= V8e/f Vrs 
r2g 


in which the quantity V8g/f is the Chezy coefficient. 


This coefficient c is different in different systems of measures 
since it depends upon g._ For the English system it is found that 
c usually lies between 30 and 160, and that its value varies with 
the hydraulic radius and the slope, as well as with the roughness 
of the surface. To determine the value of c for a particular case 
the quantities v, 7, and s are measured, and then c is computed. 
To find r and s linear measurements and leveling are required. 
To determine v the flow must be gaged either in a measuring 
vessel or by an orifice or weir, or, if the channel be large, by floats 
or other indirect methods described in the next chapter, and then 
the mean velocity v is computed from v = g/a. It being a matter 
of great importance to establish a satisfactory formula for mean 
- velocity, thousands of such gagings have been made, and from 
the records of these the values of the coefficients given in the 
tables in the following articles have been deduced. 

Prob. 118. Compute the value of c for a circular masonry conduit 


6 feet in diameter which delivers 65 cubic feet per second when running half 
full, its slope or grade being 1.5 feet in roo0 feet. 


Art. 114. Crrcurar Conpurts, Futt or Harr Furi 


When a circular conduit of diameter d runs either full or half 
full of water, the hydraulic radius is {d, and the Chezy formula 
for mean velocity is 

g=C Vrs=c:3 Vds 
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The velocity can then be computed when c is known, and for 
this purpose Table 114 gives Hamilton Smith’s values of c for 
pipes and conduits having quite smooth interior surfaces and no 
sharp bends.* The discharge per second then is 

g=av=c-ia Vds 
in which a is either the area of the circular cross-section or one- 
half that section, as the case may be. 


TABLE 114. COEFFICIENTS C FOR CrrcuLAR CONDUITS 


Velocity in Feet per Second 


Diameter 
in Feet 


6 


T16 
123 
129 


To use Table 114 a tentative method must be employed 
since c depends upon the velocity of flow. For this purpose there 
may be taken roughly 

mean Chezy coefficient c = 125 
and then v may be computed for the given diameter and slope; 
a new value of c is then taken from the table and a new v com- 
puted; and thus, after two or three trials, the probable mean 
velocity of flow is obtained. The value of the diameter d must 
be expressed in feet. 

For example, let it be required to find the velocity and dis- 
charge of a semicircular conduit of 6 feet diameter when laid on 
a grade of o.1 feet in too feet. First, 

y= 125 X24 V6 Xo.001 = 4.8 feet per second. 
* Hydraulics (London and New York, 1886), p. 271. 
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For this velocity the table gives 147 for c; hence 
v = 147 X 4 Vo.006 = 5.7 feet per second. 
Again, from the table c = 150, and 
y= 150 X 4 Vo.006 = 5.8 feet per second. 
This shows that 150 is a little too large; for c = 149.5, v is found 
to be 5.79 feet per second, which is the final result. The discharge 
per second. now is 
g = 0.7854 X 4 X 36 X 5.79 = 81.9 cubic feet, 
which is the probable flow under the given conditions. 
To find the diameter of a circular conduit to discharge a given 


quantity under a given slope, the area a is to be expressed in terms 
of d in the above equation, which is then to be solved for d; thus, 


al 8q eye sau 

moVs mCVs 

the first being for a conduit running full and the second for one 
running half full. Here c may at first be taken as 125; then d 
is computed, the approximate velocity found from v = q/47d?, 
and with this value of v a value of c is selected from the table, 
and the computation for d is repeated. This process may be 
continued until the corresponding values of c and v are found to 
be in close agreement. 


As an example of the determination of diameter let it be re- 
quired to find d when g = 81.9 cubic feet per second, s = 0.001, 
and the conduit runs full. Forc = 125 the formula givesd = 4.9 
feet, whence v = 4.37 feet per second. From the table c may be 
now taken as 142, and repeating the computation d = 4.64 feet, 
whence v = 4.84 feet per second, which requires no further 
change in the value of c. As the tabular coefficients are based 
upon quite smooth interior surfaces, such as occur only in new, 
clean, iron pipes, or with fine cement finish, it might be well to 
build the conduit 5 feet or 60 inches in diameter. It is seen 
from the previous example that a semicircular conduit of 6 feet 
diameter carries the same amount of water as is here carried by 
one of 4.64 feet diameter which runs entirely full. 
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Circular conduits running full of water are long pipes and all 
the formulas and methods of Arts. 94 and 95 can be applied also 
to their discussion. From Art. 113 it is seen that 


c= V8e/f or c=16.04/ Vf 


in which f is to be taken from Table 90a. Values of c computed in 
this manner will not generally agree closely with the coefficients 
of Smith, partly because the values of f are given only to three 
' decimal places, and partly because Table 90a for pipes was con- 
structed from experiments on smoother surfaces than those of 
conduits. An agreement within 5 per cent in mean velocities de- 
duced by different methods is all that can generally be expected 
in conduit computations, and if the actual discharge agrees as 
closely as this with the computed discharge, the designer can 
be considered a fortunate man. 


All of the laws deduced in the last chapter regarding the relation 
between diameter and discharge, relative discharging capacity, 
_etc., hence apply equally well to circular conduits which run either 
full or half full. If the conduit be full, it matters not whether it be 
laid truly to grade or whether it be under pressure, since in either case 
the slope s.is the total fall # divided by the total length. Usually, 
however, the word “conduit”’ implies a uniform slope for considerable 
distances, and in this case the hydraulic gradient coincides with the 
surface of the flowing water. 

Prob. 114. Find the diameter of a circular conduit to deliver when 
running full 16 500 000 gallons per day, its slope being 0.00016. 


Art. 115. CrrcuLtar ConpuiTs, PARTLY FULL 


Let a circular conduit with the slope s be partly full of water, 
its cross-section being a and hydraulic radius r. Then the mean 
velocity and the discharge are given by 


v=cvrs qg=cavrs 


The mean velocity is hence proportional to -/r and the discharge 
to a-Vr, provided that c be a constant. Since, however, C varies 
slightly with r, this law of proportionality is only approximate, 
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When a circular conduit of diameter d runs either full or half 
full, its hydraulic radius is $d (Art. 112). If it is filled-to the 
depth d’ (Fig. 115), the wetted perimeter is 


fal 
p= rd Hd are cin 


and the sectional area of the water surface is 
a=idp+(d' — 4d) Vd'(d-d) 


From these p and a can be computed, and then 7 is found by 
dividing a by p. Table 115 gives values of p, a, and r fora circle 
of diameter unity for different depths of water. To find from it 
the hydraulic radius for any other circle it is only necessary to 
multiply the tabular values of r by the given diameter d. The 
table shows that the greatest value of the hydraulic radius occurs 
when d’ = 0.81d, and that it is but little less when d’ = 0.8d. 
In the fifth and sixth columns of the table are given values of V+ 
and aVr for different depths in the circle of diameter unity; 
these are approximately proportional to the velocity and discharge 
which occur in a circle of any size. The table shows that the 
greatest velocity occurs when the depth of the water is about eight- 


TasBLe 115. Cross-sectrons OF CIRCULAR CONDUITS 


Wetted Sectional Hydraulic é E 4 
Perimeter Area Radius Velocity Discharge 


a Vr avr 


0.7854 0.5 0-393 
0.7708 0.535 0.413 
0.9 0.7445 0.546 0.406 
0.81 0.6815 0.552 0.376 
0.8 0.6735 0.552 0.372 
On9/ 0.5874 0.544 0.320 
0.6 0.4920 0.527 0.259 
Half Full o.5 0.3027 0.5 0.196 
0.4 0.2934 0.463 0.136 
0.3 0.1981 0.414 0.0820 
0.2 O.1118 0.348 0.0389 
O.I 0.0408 0.252 0.0103 
Empty 0.0 : 0.0 ; 0.0 0.0 


/ 
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tenths of the diameter, and that the greatest discharge occurs 
when the depth is about o.95d, or 4% of the diameter. 


By the help of Table 115 the velocity and discharge may be com- 
puted when c is known, but it is not possible on account of the lack 
of experimental knowledge to state precise values of c for different 
values of r in circles of different sizes. However, it is known that an 
increase in 7 increases c, and that a decrease in r decreases c. The 
following experiments of Darcy and Bazin show the extent of this 
variation for a semicircular conduit of 4.1 feet diameter, and they also 
teach that the nature of the interior surface greatly influences the values 
of c. Two conduits were built, each with a slope s = 0.0015 and d = 
4.1 feet. One was lined with neat cement, and the other with a mor- 
tar made of cement with one-third fine sand. The flow was allowed 
to occur with different depths, and the discharges per second were 
gaged by means of orifices ; this enabled the velocities to be computed, 
and from these the values of the coefficient c were found. The fol- 
lowing are a portion of the results obtained, d’ denoting the depth 
of water in the conduit, r the hydraulic radius, v the mean velocity, 
and all linear demensions being in English feet : 


For cement lining For mortar lining 
d’ r v c d’ r v Cc 
2.05 1.029 6.00 154 2OfMN T0225 5515 a EAZ 
7.00 10.807. 5.20 147 I.69 0.900 4.94 135 
I.03 0.605 4.16 138 TO) OXNGIG sexsi wee 
0.59 0.366 3.02 129 61618013700 12:07 £20 


It is here seen that c decreases quite uniformly with r, and that the 
velocities for the mortar lining are 8 or 10 per cent less than those for 
the neat cement lining. 


The value of the coefficient c for these experiments may be roughly 
expressed for English measures by 


c=c,—16(4d—-d) 


in which c, is the coefficient for the conduit when running half full. 
How this will apply to different diameters and velocities is not known ; 
when d’ is greater than o.8d, it will probably prove incorrect. In 
practice, however, computations on the flow in partly filled conduits 
are of rare occurrence. 


Prob. 115. Compute the hydraulic radius for a circular conduit of 4.1 
feet diameter, when it is three-fourths filled with water, and also the mean 
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velocity when it is lined with neat cement and laid on a grade of 0.15 feet 
per 100 feet. 7. ¢ 


Art. 116. RECTANGULAR CONDUITS 


In designing an open rectangular trough or conduit to carry 
water there is a certain ratio of breadth to depth which is most 
advantageous, because thereby either the discharge is the greatest 
or the least amount of material is required for its construction. 
Let b be the breadth and d the depth of the water section, then the 
area a is bd and the wetted perimeter pis 6 + 2d. If the area ais 
given, it may be required to find the relation between 6 and d 
so that the discharge may be a maximum. If the wetted perim- 
eter p is given, the relation between 6} and d to produce the same 
result may be demanded. It is now to be shown that in both 
cases the breadth is double the depth, or 6 = 2d. This is called 
the most advantageous proportion for an open rectangular con- 
duit, since there is the least head lost in friction when the velocity 
and discharge are the greatest possible. 


Let 7 be the hydraulic radius of the cross-section, or 
Bh Da oN 
Pp b+2¢ 


then, from the Chezy formula (113), the expressions for the veloc- 
ity and discharge are 


ot ve xa aps 
Pg wane cvs ee, 


In these expressions it is required to find the relation between 
6 and d, which renders both v and ¢ a maximum. 


if 


Let the wetted perimeter » be given, as might be the case 
when a definite amount of lumber is assigned for the construction 
of a trough; then d + 2d = p, ord = 4(p — b), and 


meviqf2=D  gaeyin/PO=D 
2 


in which p is a constant. Differentiating either of these expres- 
sions with respect to b and equating the derivative to zero, there 
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is found 6 = 3p, and hence d = }. Accordingly 6 = 2d, or the 
breadth is double the depth. 


Again, let the area a be given, as might be the case when a 
definite amount of rock excavation is to be made; then bd = 


or d = a/b, and 
‘ g=oVsy| 0b 
v=cvs 5 ee 


‘ b? + 2a ° 2a 
in which a is constant. By equating the first derivative to zero, 
there is found 6? = 2a, and hence d? = 4a. Accordingly 6 = 2d, 
or the breadth is double the depth, as before. 


It is seen in the above cases that the maximum of both v and g 
occur when ¢ is a maximum, or when r = $d. It is indeed a 
general rule that r should be a maximum in order to secure the 
least loss of head in friction. The circle has a greater hydraulic 
radius than any other figure of equal area. 


In these investigations c has been regarded as constant, al- 
though strictly it varies somewhat for different ratios of 6 to d. 
The rule deduced is, however, sufficiently close for all practical 
purposes. It frequently happens that it is not desirable to adopt 
the relation 6=-2d, either because the water pressure on the sides 
of the conduit becomes too great or because it is advisable to 
limit the velocity so as to avoid scouring the bed of the channel. 
Whenever these considerations are more important than that 
of securing the greatest discharge, the depth is made less than one- 
half the breadth. 


The velocity and discharge through a rectangular conduit 

are expressed by the general equations 
v=cwvrs g=av=cavrs 

and are computed without difficulty for any given case when the 
coefficient c is known. To determine this, however, is not easy, 
for it is only from recorded experiments that its value can be 
ascertained. When the depth of the water in the conduit is one- 
half of its width, thus giving the most advantageous section, the 
values of c for smooth interior surfaces may be estimated by the 
use of Table 114 for circular conduits, although c is probably 
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smaller for rectangles than for circles of equal area. When the 
depth of the water is less or greater than 3d, it must be remem- 
bered that c increases with r. The value of c also is subject to 
slight variations with the slope s, and to great variations with the 
degree of roughness of the surface. 


Table 116, derived from Smith’s discussion of the experiments 
of Darcy and Bazin, gives values of c for a number of wooden 
and masonry conduits of rectangular sections, all of which were 
laid on the grade of 0.49 per cent or s=0.0049. The great influence 


TABLE 116. COEFFICIENTS C FOR RECTANGULAR CONDUITS 


Unplaned Plank Neat Cement Brick 
b = 6.53 Feet b = 5.94 Feet b = 6.27 Feet 


Unplaned Plank 
b = 3.93 Feet 


of roughness of surface in diminishing the coefficient is here 
plainly seen. For masonry conduits with hammer-dressed sur- 


faces c may be as low as 60 or 50, particularly when covered 
with moss and slime. 


Prob. 116. Find the size of a trough, whose width is double its depth, 


which will deliver 125 cubic feet per minute when its slope is 0.002, taking 
the coefficient c as 100. 


Art. 117. Traprzorat SECTIONS 


Ditches and conduits are often built with a bottom nearly 
flat and with side slopes, thus forming a trapezoidal section. 
The side slope is fixed by the nature of the soil or by other cir- 
cumstances, the grade is given, and it may be then required to 
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ascertain the relation between the bottom width and the depth 
of water, in order that the section shall be the most advantageous. 
This can be done by the same reasoning as used for the rectangle 
in the last article, but it may be well to employ a different method, 
and thus be able to consider the subject in a new light. 


Let the trapezoidal channel have the bottom width 6, the 
depth d, and let @ be the angle made by the side slopes with the 
horizontal. Let it be required to 
discharge g cubic units of water per 
second. Now g=caV rs, and the 
most advantageous proportions may 
be said to be those that will render 
the cross-section @ a minimum for a given discharge, for thus the 
least excavation, will be required. From Fig. 117, 


a=d(b+d cot) p=b+2d/sind 


and from these the value of r may be expressed in terms of a, 
d, and 6; inserting this in the formula for g, it reduces to 


C50" Ore { 2 ) 
ee a tae COLD 
d @ *\sing 

in which the second member is a constant. Obtaining the first 
derivative of a with respect to d, and then replacing q’ by its 
value Ca’rs, there results 


d = 2¢7/Ca’s d= ar 


which is the relation that renders the area a a minimum ; that is, 
the advantageous depth is double the hydraulic radius. Now 
since a/p=r, it is easy to show that 


b+ 2d coté = 2d/sin? 


or, the top width of the water surface should equal the sum of the 
two side slopes in order to give the most advantageous section. 
Since c has been regarded constant, the conclusion is not a rigor- 
ous one, although it may safely be followed in practice. As 
in all cases of an algebraic minimum, a considerable variation 
in the value of the ratio d/b may occur without materially effect- 
ing the value of the area a. In many cases it is not possible to 
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have so great a depth of water as the rule d=2r requires because 
of the greater cost of excavation at such depth, or because width 
rather than depth may be needed for other reasons. 


When a trapezoidal channel is to be built, the general formulas 
v = CVrs and g = av may be used to obtain a rough approximation 
to the discharge, c being assumed from the best knowledge at hand. 
The formula of Kutter (Art. 118) or that of Bazin (Art. 122) may be 
used to determine c when the nature of the bed of the channel is known. 
For a channel already built, computations cannot be trusted to give 
reliable values of the discharge on account of the uncertainty re- 
garding the coefficient, and in an important case an actual gaging 
of the flow should be made. This is best effected by a weir, but if 
that should prove too expensive, the methods explained in the next 
chapter may be employed to give more precise results than can usually 
be determined by computation from any formula. 


The problem of determining the size of a trapezoidal channel 
to carry a given quantity of water does not require c to be de- 
termined with great precision, since an allowance should be made 
on the side of safety. For this purpose the following values may 
be used, the lower ones being for small cross-sections with rough 
and foul surfaces, and the higher ones for large cross-sections 
with quite smooth and clean earth surfaces: 


For unplaned plank, C = 100 to 120 
For smooth masonry, C= go torr0 
For clean earth, C= 6o0to 80 
For stony earth, C= 4oto 60 
For rough stone, C= 35to 50 


For earth foul with weeds, c = 30 to 50 


To solve this problem, let a and p be replaced by their values 
in terms of b and d. The discharge then is 


g=cd(b+d coté) [ad (Oats a cot@) s sind 
b sin@ + 2d 


Now when gq, ¢, 6, and s are known, the equation contains two 
unknown quantities, b and d. If the section is to be the most 


advantageous, b can be replaced by its value in terms of d as 
above found, and the equation then has but one unknown. 


a 
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Or in general, if b=md, where m is any assumed number, a solu- 
tion for the depth gives the formula 


ee od ?(m sin@ + 2) 
cs (m+ cot)? sind 


For the particular case where the side slopes are 1 on 1 or 0=4 oan 
and the bottom width is to be equal to the water depth, or m=1, 


this becomes d = 0.863 (q2/c2s)?* 


These formulas are analogous to those for finding the diameter 
of pipes and circular conduits, and the numerical operations are * 
in all respects similar. It is plain that by assigning different 
values to m numerous sections may be. determined which will 
satisfy the imposed conditions, and usually the one is to be se- 
lected that will give both a safe velocity and a minimum cost. 
In Art. 120 will be found an example of the determination of the 
size of a trapezoidal canal. ; 


Prob. 117. If the value of c is 71, compute the depth of a trapezoidal 
section to carry 200 cubic feet of water per second, @ being 45°, the slope 
s being 0.oo1, and the bottom width being equal to the depth. Compute also 
the area of the cross-section and the mean velocity. 


Art. 118. KutTTEeR’s FORMULA 


An elaborate discussion of all recorded gagings of channels 
was made by Ganguillet and Kutter in 1869, from which an im- 
portant empirical formula was deduced for the coefficient c 
in the Chezy formula v= cWVrs. The value of c is expressed in 
terms of the hydraulic radius r, the slope s, and the degree of 
roughness of the surface, and may be computed when these three 
quantities are given. When + is in feet and v in feet per second, 
Kutter’s formula for the Chezy coefficient C is 


1.811 ae aay ea ese 00281 


ne Seat ae 


i ee de 65-7 
Vr 


in which » is an abstract number whose value depends only 
upon the roughness of the surface. By inserting this value of 
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cin the Chezy formula for v, the mean velocity depends upon, s, 
and the roughness of the surface. Ganguillet and Kutter gave 
the following values of » for different surfaces :* 


n = 0.010 for well-planed timber or smooth cement, 
nm = 0.012 for common boards, 

n = 0.013 for ashlar or neatly-jointed brickwork, 

n = 0.017 for rubble masonry, 
n 

n 


= 0.025 for channels in earth, brooks and rivers, 
= 0.030 for streams with detritus or aquatic plants. 


The formula of Kutter has received a wide acceptance on 
account of its application to all kinds of surfaces. Notwith- 
standing that it is purely empirical, and hence not perfect, it is 
to be regarded as a formula of great value, so that no design for 
a conduit or channel should be completed without employing 
it in the investigation, even if the final construction be not based 
upon it. The formula shows that the coefficient c always 
increases with 7, that it decreases with s when r is greater than 
3.28 feet, and that it increases with s when 7 is less than 3.28 
feet. When r equals 3.28 feet, the value of c is simply 1.811/n. 
It is not likely that future investigations will confirm these laws 
of variation in all respects. 


Numerous observations on natural and artificial channels 
have furnished data for determining values of the factor of 
roughness ”; values of the slope s, the hydraulic radius r, 
and the mean velocity v are determined by field measure- 
ments for a certain channel, and then the corresponding n is 
computed from (118). Ganguillet and Kutter used hundreds 
of such measurements in their discussion; hundreds of others 
have since been. made from which the six classes above men- 
tioned have been greatly extended. The most recent discus- 
sions are those of Horton, which have utilized a large number 
of observations made on canals and rivers in the United 
States. The final results of Horton f are as follows, in which 

* Flow of Water in Rivers and Other Channels. Translated, with 


additions, by Hering and Trautwine, New York, 1889. 
+ Engineering News, February 24, 1916, p. 373. 
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TaBLE 118. Vatues oF n For Kutrer’s FORMULA 


Surface. Perfect. Good. Fair. Bad. 
Uncoated cast-iron pipe......... 0.012 0.013 0.014 0.015 
Coated cast-iron pipe........ sell  @echae o.o12t 0.013 
Commercial wrought-iron pipe, 
Dac keener ten nme ie 0.012 0.013 0.014 0.015 
Commercial wrought-iron pipe, 
alVewoccsite: Gabbe TRO Cicaeabiste Pe 0.013 0.014 0.015 0.017 
Smooth brass and glass pipe..... 0.009 0.010 ©.O11 0.013 
Smooth lockbar and welded 
mODMOpiperetiactaaactcan. oon 0.010 o.orrt 0.013f 
Riveted and spiral steel pipe.....| 0.013 0.015 0.017 
at : 0.010 
Wieninedssewer pipercmrriccc..: Beate 0.013 0.015 0.017 
Glazed brickwork............... 0.01 0.012 0.013 0.015 
Brick in cement mortar; brick 
EW CLS tate eters a ctel e chayanara. wae 0.012 0.013 0.015 0.017 
Neat cement surfaces. .....2.... 0.010 0.011 0.012 0.013 
Cement mortar surfaces......... 0.011 0.012 0.013f 0.015 
(Oncrete;plpes ser cc. voce oes 0.012 0.013 0.015 0.016 
Wiood-stavelpipe:. sa... as... ©.010 O.O11 0.012 0.013 
Plank Flumes: 
Pea ec a atatepeas tne ays ic; 6 eicecPaaeg 0.010 0.012 0.013 0.014 
Winplanedennccmeitres ete tree O.O1L 0.013 0.014 0.015 
Withibattens sa.) <<< sess oor 0.012 o.015t 0.016 
Concrete-lined channels......... 0.012 0.014F 0.016f 0.018 
Cement-rubble surface.......... 0.017 0.020 0.025 0.030 
Dinyenubble|SUrEACe sarees an 0.025 0.030 0.033 0,035 
Dressed-ashlar surface.......... 0.013 0.014 0.015 0.017 
Semicircular metal flumes, smooth] 0.011 0.012 0.013 0.015 
corrugated] 0.0225 0.025 0.0275 0.030 
Canals and Ditches: 
Earth, straight and uniform...| 0.017 0.020 0.0225f 0.025 
Rock cuts, smooth and uniform] 0.025 0.030 0.033 0.035 
Rock cuts, jagged and irregular} 0.035 0.040 0.045 
Winding sluggish canals....... 0.0225 0.025 0.0275 0.030 
Dredged earth channels....... 0.025 0.0275f | 0.030 0.033 
Canals with rough stony beds, 
weeds on earth banks....... 0.025 0.030 0.035, 0.040 
Earth bottom, rubber sides....| 0.028 0.030f 0.033T 0.035 
Natural Stream Channels: 
(1) Clean, straight bank, full 
stage, no rifts or deep pools..| 0.025 0.0275 0.030 0.033 
(2) Same as (zr), but some weeds 
AMGUStOMeSseetmeyete sere e aerator 0.030 0.033 0.035 0.040 
(3) Winding, some pools and 
SHOAIS  IGLEAT aye em io miaiel nalsvens: < 0.033 0.033 0.040 0.045 
(4) Same as (3), lower stages, 
more ineffective slope and 
SECCIONS see. weet Fae sci ieretee - ©.040 0.045 0.050 0.055 
(5) Same as (3), some weeds and 
SLOMES epereiacceteleretersiteielarather ere) - 0.035 0.040 0.045 0.050 
(6) Same as (4), stony sections.}) 0.045 0.050 0.055 ©.060 
(7) Sluggish river reaches, 
rather weedy or with very 
also neelh. aaaaauddac codes 0.050 0.060 0.070 0.080 
(8) Very weedy reaches....... 0.075 ©.100 0.125 0.150 
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those marked { are to be commonly used in designing artificial 
channels. 

Kutter’s formula implies that for a given channel the factor 
n is independent of v,7, ands. Thus, for a certain stage of 
water let m be found, then for a somewhat higher stage, the 
values of 2, 7, and s will be larger than before. Since no change 
in the character of the channel surface has occurred, it might be 
supposed that 1, as derived by computation for the two cases, 
would remain unchanged, but as a matter of fact this is rarely 
true. Sometimes is smaller for the higher than for the lower 
stage and sometimes it is greater; part of this discrepancy is 
probably due to errors of observation, but yet there remain 
differences that can be explained only by supposing that the 
formula is imperfect. 

The greatest uncertainty in the use of Kutter’s formula 
occurs in applying it to streams of very slight slope. The 
introduction of the slope s into the formula was made by Gan- 
guillet and Kutter on account of observations on the Mis- 
sissippi river where the slopes were very small. These observa- 
tions have since been shown to be imperfect, not only on account 
of the very great difficulty of measuring small slopes with pre- 
cision, but also on account of the use of double floats in determin- 
ing the mean velocities. A new discussion of all trustworthy 
observations is greatly needed and will probably be made before 
the end of the twentieth century, but in the meantime Kutter’s 
formula will continue to be used. Its successful use in any given 
case will depend upon the care with which the computer consults 
the records of actual gagings in order to obtain the proper value 
of the factor n. 


In the following articles are given tables of c for a few cases, 
and these might be greatly extended, as has been done by Kutter 
and others. But this is scarcely necessary except for special 
lines of investigation, since for single cases there is no difficulty 
in directly computing it for given data. For instance, take a 
rectangular trough of unplaned plank 3.93 feet wide on a slope 
of 4.9 feet in 1000 feet, the water being 1.29 feet deep.’ Here 
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5=0.0049, and r=o.779 feet. Then n being 0,012, the value of 
c to be used in the Chezy formula is found to be 


EOTar Oy « aneicRelee ks 
gn 22.012 0.004900 15 
0.012 ( = o28r) 29 
op 41.65 + 
V0.779 0.0049 


The data here used are taken from Table 116, where the actual 
value of c is given as 117; hence in this case Kutter’s formula 
is about 5 per cent in excess. As a second example, the follow- 
ing data from the same table will be taken: a rectangular con- 
duit in neat cement, b=5.94 feet, d=o.91 feet, s=o.0049. Here 
N=0.010, and r=0.697 feet. Inserting all values in the formula, 
there is found c=148, which is 8 percent greater than the true 
value 138. Thus is shown the fact that errors of 5 and to per- 
cent are to be regarded as common in calculations on the flow 
of water in conduits and canals. 

Prob. 118. The Sudbury conduit is of horse-shoe form and lined with 
brick laid with cement joints one-quarter of an inch thick, and laid on a 


slope of 0.0001895. Compute the discharge in 24 hours when the area is 33.31 
square feet and the wetted perimeter 15.21 feet. 


Art. 119. SEWERS 


Sewers smaller in diameter than 18 inches are always circular 
in section. When larger than this, they are built with the sec- 
tion either circular, egg-shaped, or of the horse-shoe form. The 
last shape is very disadvantageous when a small quantity of 
sewage is flowing, for the wetted perimeter is then large compared 
with the area, the hydraulic radius is small, and the velocity 
becomes low, so that a deposit of the foul materials results. As 
the slope of sewer lines is often very slight, it is important that 
such a form of cross-section should be adopted to render the veloc- 
ity of flow sufficient to prevent this deposit. A velocity of 2 
feet per second is found to be about the minimum allowable 
limit, and 4 feet per second need not be usually exceeded. 


The egg-shaped section is designed so that the hydraulic 
radius may not become small even when a small amount of 
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sewage is flowing. One of the most common forms is that shown 
in Fig. 119, where the greatest width DD is two-thirds of the depth 
HM. The arch DHDisa semicircle 
described from A as a center. The 
invert LML is a portion of a circle 
described from B as a center, the 
distance BA being three-fourths of 
DD and the radius BM being one- 
half of AD. Each side DL is de- 
scribed from a center C so as to be 
tangent to the arch and invert. 
These relations may be expressed 
more concisely by 


HM =14D AB =3D BM =i1D CLh=t%D 
in which D is the horizontal diameter DD. 


Fig. 119. 


Computations on egg-shaped sewers are usually confined to 
three cases, namely, when flowing full, two-thirds full, and one- 
third full. The values of the sectional areas, wetted perimeters, 
and hydraulic radii for these cases, as given by Flynn,* are 


a p r 
Full 1.1485 D? 3.965 D 0.2897 D 
Two-thirds full 0.7558 D? 2.394 D 0.3157 D 
One-third full 0.2840 D? Tee ig 0.2066 D 


This shows that the hydraulic radius, and hence the velocity, 
is but little less when flowing one-third full than when flowing 
with full section. 


Egg-shaped sewers and small circular ones are formed by 
laying consecutive lengths of clay or cement pipe whose interior 
surfaces are quite smooth when new, but may become foul after 
use. Large sewers of circular section are made of brick, and are 
more apt to become foul than smaller ones. In the separate 
system, where systematic flushing is employed and the pipes: are 
small, foulness of surface is not so common as in the combined 
system, where the storm water is alone used for this purpose. 


* Van Nostrand’s Magazine, 1883, vol. 28, p. 138. 
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In the latter case the sizes are computed for the volume of 
storm water to be discharged, the amount of sewage being very 
small in comparison. 


The discharge of a sewer pipe enters it at intervals along 
its length, and hence the flow is not uniform. The depth of 
the flow increases along the length, and at junctions the size 
of the pipe is enlarged. The strict investigation of the problem 
of flow is accordingly one of great complexity. But considering 
the fact that the sewer is rarely filled, and that it should be made 
large enough to provide for contingencies and future extensions, 
it appears that great precision is unnecessary. The practice, 
therefore, is to discuss a sewer for the condition of maximum 
discharge, regarding it as a channel with uniform flow. The 
main problem is that of the determination of size; if the form is 
circular, the diameter is found, as in Art. 114, by 


d=(8 g/mcoVs)§ = 145 (g/cVs)* 


If the form is egg-shaped and of the proportions above ex- 
plained, the discharge when running full is 


g =ac Vrs = 1.1485 D’c Vo0.2807 Ds 
from which the value of D is found to be 
D =1.21(g/cvs)® 


Thus, when g has been determined and c is known, the required 
sizes for given slopes can be computed. ‘The velocity should also 
be found in order to ascertain if it is low enough to prevent 
scouring (Art. 135). 


Experiments from which to directly determine the coefficient c 
for the flow in sewers are few in number, but since the sewage is 
mostly water, it may be approximately ascertained from the values 
for similar surfaces. Kutter’s formula has been extensively employed 
for this purpose, using 0.015 for the coefficient of roughness. Table 
119 gives values of c for three different slopes and for two classes of 
surfaces. The values for the degree of roughness represented by ” = 
0.017 are applicable to sewers with quite rough surfaces of masonry ; 
those for m = o.ors are applicable to sewers with ordinary smooth 
surfaces, somewhat fouled or tuberculated by deposits, and are the 
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TasBLeE 119. KuTTER’S COEFFICIENTS C FOR SEWERS 


5 = 0,000I 


Hydraulic 
Radius r 
in Feet N= 0.015 n = 0.017 N = 0.015 


58 48 68 
66 56 76 
73 61 83 
82 70 go 
87 76 95 
92 80 99 
103 89 108 
108 96 IIl 
118 104 118 


ones to be generally used in computations. By the help of this table 
and the general equations for mean velocity and discharge, all prob- 
lems relating to flow in sewers can be readily solved. 

Prob. 119. The grade of a sewer is 1 foot in 1004, and its discharge 


is to be 130 cubic feet per second. What should be the diameter of the 
sewer if it is circular? 


Art. 120. DircHes AND CANALS 


Ditches for irrigating purposes are of a trapezoidal section, 
and the slope is determined by the fall between the point from 
which the water is taken and the place of delivery. If the fall 
is large, it may not be possible to construct the ditch in a straight 
line between the two points, even if the topography of the country 
should permit, on account of the high velocity which would re- 
sult. A velocity exceeding 2 feet per second may often injure 
the bed of the channel by scouring, unless it be protected by 
riprap or other lining. For this reason, as well as for others, the 
alignment of ditches and canals is often circuitous. 


The principles of the preceding articles are sufficient to 
solve all usual problems of uniform flow in such channels when the 
values of the Chezy coefficient c are known. These are perhaps 
best determined by Kutter’s formula, and for greater convenience 
Table 120 has been prepared which gives their values for three 
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. TaBLE 120. KutTTER’s COEFFICIENTS C FOR CHANNELS 


Hydraulic 
Radius r 
in Feet 


slopes and two degrees of roughness. By interpolation in this 
table values for intermediate data may also be found; for instance, 
if the hydraulic radius be 3.5 feet, the slope be 1 on 1000, and 
n be 0.025, the value of c is found to be 74.5. 


As an example of the use of the table let it be required to find 
the width and depth of a ditch of most advantageous cross- 
section, whose channel is to be in tolerably good order, so that 
m=0.025. The amount of water to be delivered is 200 cubic 
feet per second and the grade is 1 in 1000, the side slopes of the 
channel being 1 on 1. From Art. 117 the relation between the 
bottom width and the depth of the water is, since 6 is 45°, 


b= a a, —2 coté) = 0.828d | 


sin 
The area of the cross-section then is 
a = d(b+d coté) = 1.828a? 
and the wetted perimeter of the cross-section is 


2d 


Er eccd 
Age 


p=bt+ 
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whence the hydraulic radius is 0.5d, as must be the case for all 
trapezoidal channels of most advantageous section. Now, 
since d is unknown, c cannot be taken from the table, and as a 
first approximation let it be supposed to be 60. Then in the gen- 
eral formula for g the above values are substituted, giving 


200 = 60 X 1.828d? Vo.sd X 0.001 


from which d is found to be 5.8 feet. Accordingly r=2.9 feet, 
and from the table c is about 71. Repeating the computation 
with this value of c, there is found d= 5.44 feet, which, considering 
the uncertainty of c, is sufficiently close. The depth may then 
be made 5.5 feet, the bottom width is 


b =0.828 X 5.5 = 4.55 feet, 
and the area of the cross-section is 

a = 1.828 X 5.57 = 55.3 square feet, 
which gives for the mean velocity 


y= 20 = 3.62 feet per second. 


55:3 
This completes the investigation if the velocity is regarded 
as satisfactory. But for most earths this would be too high, 
and accordingly the cross-section of the ditch must be made 
wider and of less depth in order to make the hydraulic radius 
smaller and thus diminish the velocity. 


The following statements show approximately the velocities 
which are required to move different materials : 


0.25 feet per second moves fine clay, 

0.5 feet per second moves loam and earth, 

1.0 feet per second moves sand, 

2.0 feet per second moves gravel, 

3.0 feet per second moves pebbles 1 inch in SIZe, 
4.0 feet per second moves spalls and stones, 

6.0 feet per second moves large stones. 


The mean velocity in a channel may be somewhat larger than 
these values before the materials will move, because the velocities 
along the wetted perimeter are smaller than the mean velocity. 
More will be found on this subject in Art. 135. 
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Prob. 120. A ditch is to discharge 200 cubic feet per second with a 
mean velocity of 3.4 feet per second. If its bottom width is 16 feet and the 
side slopes are t on 1, compute the depth of water and the slope of the ditch. 


ArT. 121. LArcre STEEL, Woop, AND CAST-IRON PIPES 


Long pipes of large size are usually regarded as conduits even 
when running under pressure, for in formula (97); the ratio h// 
may be replaced by the slope s and the diameter d is four times 
the hydraulic radius 7; then it becomes 


p= V8a/f-V7s =c Vrs 


which is the same as the Chezy formula. Values of c may be 
directly computed from observed values of v, 7, and s, and this 
has been done by many experimenters. When values of c are 
known, all computations for long pipes may be made exactly 
like those for circular conduits. 


In the following Table 121a* are shown the results of experi- 
ments on a number of steel pipes ranging from 33 to 108 
inches in diameter and from new to 15 years of age. The 
experiments were made at velocities ranging from 1-0 to 6.0 feet 
per second, and the values given in the table are those read from 
mean curves of the plottings of the results of the experiments. 
In the column headed ‘‘ Material and Joint” the letters S and W 
refer to steel and wrought iron respectively, while the letters 
B, C, and T refer to the style of the joint used in the construction 
of the pipe, B indicating butt, C cylinder, and 7 taper joint, 
respectively. The experiments bracketed together in the first 


* Following are the sources from which the results tabulated in this 
table have been obtained : 

Nos. 1, 2, and ro. Transactions American Society of Civil Engineers, 
Vol. 26, p. 203. 

Nos. 3, 4, 5, 6, 7, 8, 11, 12, 13, 15,16, 24. Herschel’s 115 Experiments, 
New York, 1897. 

Nos. 9, 14, and 17 are here shown through courtesy of Morris R. Sher- 
rerd, Chief Engineer, Department of Public Works, Newark, N.J. 

Nos. 18, 19. Transactions American Society of Civil Engineers, Vol. 
40, p. 471, and Vol. 44, p. 34. 

Nos. 20-25. From The Jersey City Water Supply Co., Paterson, N. J. 
No. 26. From C. A. Van Keuren, Chief Engineer, Jersey City, N. J. 
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column were made at different ages as shown on the same pipe 
and indicate the deterioration which is to be expected with age. 
(See Art. 107.) Experiments numbered 12 and rs are one and 
the same and are shown twice in order that comparison may 
more readily be made with experiments 13 and 14 and 16 and 17. 
Experiments 12 and 15 were made on the entire length of the 
pipe referred to, while 13 and 14 were made on its upper end and 
16 and 17 onits lowerend. It is to be noted that the coefficients 
shown in experiment 23, when the pipe was four and a half 
years old, are lower than those shown by experiments 24, 25 and 
26, notwithstanding that the pipe was nearly eight years older 
when the observations of experiment 26 were made. This 
apparent improvement in the condition of the pipe has been 
due to the fact that shortly after experiment 23 was made a 
plant for sterilizing the water carried by the pipe was put 
into operation. Almost as soon as the sterilization was begun 
large masses of vegetable matter which had been growing in 
the pipe were discharged from its lower end, thus indicating 
that most vegetable growths cannot continue to live in water 
which has been so treated. In spite of this cleaning out of the 
vegetable growths, with which, by the way, many water mains 
are well supplied, the deterioration of the carrying capacity 
of the pipe has continued to increase, but at a much slower 
rate. In fact the coefficients have decreased for the last seven 
years at the rate of only 7 point per year while for the first year 
alone the loss was nearly 9 points. 

This result is interesting, as it permits of drawing some com- 
parison of the relative effect of vegetable fouling with that of 
tuberculation due to the rusting of the pipe itself. The former 
apparently is controlling during the early years, while the latter, 
though relatively slow in action, is nevertheless a continuing 
factor. But it must not be forgotten that all of the fouling of 
the pipe during the early years of its life cannot be ascribed 
to vegetable growths. This pipe was protected against corro- 
sion by a dipped asphalt coating and all coatings of this nature 
tend to become rough by the formation of blisters which are 
about as large as a pigeon’s egg and of which ofttimes as many 
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as forty are to be found on a square foot. These blisters some- 
times become brittle with age and break off, thus leaving the 
metal of the pipe exposed but at the same time reducing the 
frictional losses. 


For wooden stave pipes the gagings of Noble and those of 
Marx, Wing, and Hoskins, already referred to in Art. 108, furnish 
the following values of the coefficient c, those given for the 6-foot 
diameter in the first line being for new pipe and those in the 
second line after two years’ use. 


Velocity in feet persecond, v= I 2 3 4 5 

3.7 feet diameter c = (feo) 113° *116 

4.5 feet diameter c= (112) 122 126 128 

6.0 feet diameter C= I00 I15 122 125 

6.0 feet diameter c= 116 120 121 122 122 
Here the two values in parentheses have been found by a graphic 
discussion of the results of the observations. For the first of 
these pipes the valve of Kutter’s 7 ranges from 0.013 to 0.012, 
while for the second and third it is practically constant at 0.013. 


Many gagings have been made on cast-iron pipes, and the re- 
sults show great variations which can be ascribed to many causes ; 
among these may be mentioned the progressive deterioration 
due to age as well as that due to the particular kind of water 
carried by the pipe, the care with which the pipe has been laid, 
and with which the joints have been made. In Table 1216 are 
shown the values of the coefficient c for certain pipes of different 
diameters and ages and for varying velocities. The friction 
factors for these same gagings are given in Art. 106. 


As illustrating the values of m in Kutter’s formula for some 
_ of the experiments shown in Table 121a the following, for experi- 
ments 18, 19 and 26 are here given: 


mictocity in feet per second) =. 1.0 2:0 340 4.60 “5.0 
Experiment 18, m= 0.013 0.014 0.015 0.014 
Experiment 19, 7= 0.018 0.016 0.015 0.015 0.015 
Experiment 26, 1= 0.018 0.018 


The deep concrete-lined tunnels which are coming into use 
on water supply systems as well as in sewer work are strictly 
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TABLE 1216. AcTUAL COEFFICIENTS C FOR CAST-IRON PIPES 
ae re on eee 


Diameter| Age Velocity in Feet per Second 
Teehes vee pri 
1.0 2.0 3.0 4.0 
12 fo) Iol rate) 115 118 | Trans. Am. Soc. C.E., vol. 47 
12 I5 65 58 Hering’s Kutter * 
12 22 49 46 45 Hering’s Kutter * 
20 5 II5 10g Trans. Am. Soc. C.E., vol. 35 
20 25 61 60 59 Hering’s Kutter * 
36 1} 130 | Trans. Am. Soc. C.E., vol. 44 
36 3t 66 | Trans. Am. Soc. C.E., vol. 44 
48 ° 141 Trans. Am. Soc. C.E., vol. 35 
48 7 96 Trans. Am. Soc. C.E., vol. 28 
48 16 107 105 105 Trans. Am. Soc. C.E., vol. 35 


to be considered as masonry pipes, since they flow entirely 
full of water under high pressure. Perhaps the most notable 
example of these tunnels is to be found on the Catskill aque- 
duct (Art. 123). During the summer of 1915 experiments were 
made on two of these tunnels and the results are given below. 


Length of Tunnel Coefficient Diameter of Tunnel 
v=2 V=3 v=4 

Passo tect | 150°. «149 147 14.5 feet 

24,249 feet 149 149 149 E425 feet 


It is to be noted that these coefficients are higher than those 
of riveted steel pipes and are also larger than those of cast-iron 
pipes, though the increase shown is most likely due to the larger 
hydraulic radius, which in the case of the 14.5 foot tunnel is 
3.62, while for a 48-inch pipe it is but 1.0. 

When the above experiments were made these tunnels were 
new and clean. It may be expected that with age these coeffi- 
cients will drop to from 125 to 130. The value of the friction 
factor corresponding to the values of ¢ as determined by the 
experiments on these deep tunnels is 0.012. 


* Hering and Trautwine’s translation of Ganguillet and Kutter’s Flow 
of Water in Rivers and other Channels, New York, 1889, p. 155- 
+ By courtesy of J. Waldo Smith, Chief Engineer, Board of Water 


Supply, City of New York. 
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In the case of those portions of the Catskill aqueduct which 
lie on the hydraulic gradient the coefficients are nearly the same 
as for the pressure tunnels, as indicated in the following tabula 
tion: 


Mean Velocity Coefficient Hydraulic Radius Mean Depth 
3.85 145 2.90 4.30 
4.35 148 3-55 5.70 
4.70 151 4.10 7250 
510 154 4.50 9.10 


The cross-section of this aqueduct is similar to that shown in 
Fig. 1260. It is 17.5 feet wide, 17 feet high and is laid on a 
slope of 0.00021. The above results were obtained when it was 
new and clean, and are to be considered as maximums. Results 
of gagings on other similar aqueducts are to be found in Art. 123. 


Prob. 121. Compare the diameter of a cylinder joint riveted steel pipe 
25 000 feet long to carry 30 000 ooo gallons daily at a loss of head of 5 feet 
per mile with the diameter of a cast-iron pipe for the same service. 


Art. 122. Bazin’s FoRMULA 


In 1897 Bazin proposed a formula for open channels as the 
result of an extended discussion of the most reliable gagings.* 
In it the coefficient c is expressed in terms of the hydraulic radius 
and the roughness of the surface, but the slope does not enter: 


ae 87 
v=CV*rs c= - 122 
0.552-+m/ Vr ie 


This is for English measures, r being in feet and 9 in feet per sec- 
ond, and the quantity m has the following values: 


m = 0.06 for smooth cement or matched boards, 
m = 0.16 for planks and bricks, 

m = 0.46 for masonry, 

m = 0.85 for regular earth beds, 

m = 1.30 for canals in good order, 

m = 1.75 for canals in very bad order, 


* Annales des ponts et chaussées, 1897, 4° trimestre, pp. 20-70. 
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Table 122 gives values of c computed from (122) for these values 
of m and for several values of r, from which coefficients may be 
selected for particular surfaces. It may be noted that for a per- 


TABLE 122. Baztn’s COEFFICIENTS C FOR CHANNELS 


Hydraulic 5 
Radius r m = 0.06 m = 0.16 m = 0.46 = = 
eh 4 m = 0.85 m = 1.30 m =1.75 


136 92 


86 


fectly smooth surface where m = o, the formula gives v = 158 Vrs, 
which cannot be correct since uniform velocity could not obtain 
on such a surface. For this extreme case Kutter’s formula ap- 
pears to be more satisfactory, for if m = o the value of c is in- 
finite. However, no empirical formula can be tested by applying 
it to an extreme case. 

A comparison of the values of c obtained from the formulas 
of Kutter and Bazin only serves to emphasize the uncertainty 
regarding the selection of the proper coefficient in particular 
cases. Kutter’s = 0.010 corresponds to Bazin’s m = 0.06, 
and for several different hydraulic radii the coefficients for this 
degree of roughness are as follows : 


Hydraulic radius r in feet, I 3 5 7 

From Bazin’s formula, c=142 148 150 I51 
From Kutter, s = 0.01, c=156 179 187 1091 
From Kutter, s = 0.001, C=155 178 187 192 


From Kutter, s =0.00005, C=140 178 193 203 
While the agreement is fair for a hydraulic radius of one foot, it 
fails to be satisfactory for larger radii. This is perhaps a severe 


/ 
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comparison because it is probable that no channel in neat cement 
has ever been constructed having a hydraulic radius as great as 
7 feet, but it serves to show that these empirical formulas differ 
widely when applied to unusual cases. For the present, at least, 
the formula of Kutter appears to receive the most general accept- 
ance, but undoubtedly the time will come when it will be re- 
placed by a more satisfactory one. An actual gaging of the dis- 
charge by the method of Art. 131 will always give more reliable 
information than can be obtained from any formula. 


For a hydraulic radius of 3.28 feet Kutter’s formula for c 
reduces to the convenient expression 


Tort 
c=1.811/m whence »=——— Vrs 
n 


and this may be used for approximate computations when , lies 
between 2 and 6 feet. Here z is the roughness factor, the values 
of which are given in Art. 118. When 7 = 3.28 feet, Bazin’s 
formula gives c = 136 for brickwork, while Kutter’s givesc = 140; 
for canals in good order Bazin’s formula gives c = 69, while 
Kutter’s gives c = 72. The comparison is very satisfactory, and 
so close an agreement is not generally to be expected when com- 
putations are made from different formulas. The formula of 
Bazin is largely used in France and England, and that of Kutter 
in other countries. 


Prob. 122. Solve Problem 118 by the use of Bazin’s coefficients. 


Art. 123. Masonry Conpuits 


Masonry conduits or aqueducts for conveying water have 
been used since the days of ancient Rome. In cases where large 
quantities of water are to be carried on small slopes and where 
the topography of the country is at a suitable elevation they 
offer the most economical means for its conveyance. The Sud- 
bury and Wachusett aqueducts for the supply of Boston, the 
Jersey City aqueduct for the supply of that city, the Los Angeles 
aqueduct for the supply of the city of Los Angeles in California, 
the old Croton and the New Croton, and the Catskill aqueducts 
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for the supply of New York City are among the largest and 
longest which have yet been constructed. Large portions of 
these aqueducts are in tunnels on the hydraulic gradient, and 
in the case of the Catskill aqueduct of a total of 110 miles of 
main conduit nearly 30 percent is in rock tunnel from 300 to: 
1100 feet below the surface. The Catskill tunnels, completed 
in 1916, are lined with concrete, are circular in cross-section, 
and their diameters range from 11 to 15 feet. 


Relatively few experiments for determining the coefficients 
of flow have been made on these aqueducts. From their gagings 
of the Sudbury aqueduct, Fteley and Stearns * determined a 
formula for mean velocity. The cross-section of this aqueduct, - 
which is laid on a slope of 0.0002, consists of a part of a circle 9.0 
feet in diameter, having an invert of 13.22 feet radius, whose 
span is 8.3 feet and depression o.7 feet, the axial | 
depth of the conduit being 7.7 feet. It is lined 
with brick, having cement joints % of an inch 
thick. The flow was allowed to occur with 
different depths, for each of which the discharge 
was determined by weir measurement. A dis- 
cussion of the results led to the conclusion that in the portion 
with the brick lining the coefficient c had the value 1277° when 
r is in feet, and hence results the exponential formula 


Fig. 123a. 


eas ph ac N75 a7 peste 


In a portion of this conduit where the brick lining was coated with 
pure cement, the coefficient was found to be from 7.to 8 percent 
greater than 1277", In another portion where the brick lining 
was covered with a cement wash laid on with a brush, the co- 
efficient was from 1 to 3 percent greater. For a long tunnel in 
which the rock sides were ragged, but with a smooth cement in- 
vert it was found to be about 4o percent less. 


Gagings on the New Croton Aqueduct + showed that the mean 
velocity when the aqueduct was new could be represented by the 


* Transactions American Society of Civil Engineers, 1883, vol. 13, p. 114. 
+ Engineering Record, 1895, vol. 32, p. 223. 
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expression v = 1247°-/s. This aqueduct is constructed of 
brick laid in close mortar joints. Its cross-section is shown in 
Fig. 1265. It is 13.53 feet in height by 13.6 feet in maximum 
width. The radius of its invert is 18.5 feet, the span of the in- 
vert chord is 12.0 feet, and the depression of the invert below the 
chord is 1.0 foot. Its slope is 0.0003. 


Gagings on various portions of the aqueduct of the Jersey 
City Water Supply Company,* a cross-section of which is shown 
in Fig. 1235, gave, when the 
aqueduct was new, values of the 
coefficient c in the Chezy for- 
mula of from 122 to 145, while 
the average value of x in Kut- 
ter’s formula was 0.0127. The 
value of the mean velocity in 
this conduit is closely given by 
the expression y = 13179.) 50°) 
where s is the observed slope 
of the water surface. This 
slope during the experiments 

Fig. 1238. varied from 0.00011 to 0.00036, 

the aqueduct being laid on a 

slope of 0.000095. This conduit is of concrete which was 

cast against smooth wooden forms, the invert being made of 
screeded and troweled concrete. 


Owing to the fouling of such conduits as the result of vege- 
table growths and the deposition of materials from the water, a 
diminution in capacity of from to to 20 percent with age may be 
expected, and accordingly corresponding allowances should be 
made in the design. 


It is to be noted that Kutter’s formula (Art. 118) indicates that 
c steadily increases with the hydraulic radius if 2 and the slope 
be constant. The results of the experiments above quoted, how- 
ever, indicate that c becomes constant and has a maximum value 


* By courtesy of Jersey City Water Supply Company, Paterson, N. If 
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of not far from 140 for new and smooth concrete channels with 
_ hydraulic radii larger than 3.0 feet. (See Art. 121.) 

For computations on concrete-lined irrigation ditches and 
canals Kutter’s formula is generally used. Measurements by the 
U. S. Department of Agriculture * show that ranges from 0.10 to 
0.019, about 0.014 being an average value for new and smooth 
work, and that c ranges from 150 to 60. For such ditches there is 
much variation in slopes, and the hydraulic radius is usually less 
than 2 feet. Table 119 may be used to find approximate values of 
c for such channels. Growths of moss or deposits of sand increase 7. 

For wooden flumes about the same range in values of n and ¢ 
is found, the amount of slime or moss on the sides exercising much 
influence. Metal flumes without projecting bands usually give 
values of 7 less than 0.013. 

Prob. 123. Compute the mean velocity in the New Croton Aqueduct 
when it is flowing one-half full. 


Art. 124. OTHER FORMULAS FOR CHANNELS 

Many attempts have been made to express the mean velocity 

and discharge in a channel by the formulas 

p= Crs" g=aCrs? 
where « and y are derived from the data of observations by pro- 
cesses similar to those explained in Art. 42. As a rule these at- 
tempts have not proved successful except for special classes of 
conduits, as the exponents of y and s vary with different values 
of r and with different degrees of roughness. For conduits having 
the same kind of surface a formula of this kind may be established 
which will give good results. The values « = 3 and x = { are 
frequently advocated, y being not far from 4; with such values 
C is found to vary less for certain classes of surfaces than the c 
of the Chezy formula, and this seems to be the only strong argu- 
ment in favor of exponential formulas. 

Among the many exponential formulas which have been advo- 
cated, those derived by Foss may be cited. For surfaces correspond- 
ing to Kutter’s values of 7 less than 0.017 he See 

po = Cris or yv=C 


aE Sel 
ri peg we Ba 2 


eS) 


* Scobey, in Bulletin 194 (Washington, IQI5), pp. 19-20. 
$ Journal of Association of Engineering Societies, 1894, vol. 13, P. 295. 
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in which C has the following values: 


form =0.009 0.010 O.0IT 0.012 0,013 0.015 0.017 
C = 23000 19000 15000 12000 10000 8000 6000 


For surfaces corresponding to Kutter’s values of m greater than 0.018, 


his formula is 
$ by of 
v=Cr's or PaCS 


and the values of C for this case are 


for #= 0.020 0.025 0.030 0.035 
C= 5000 3000 2000 1000 


For circular sections running full he also proposes the formula s = 
0.006sq""'/d°. These formulas are open to objection on account of 
the great range in the values of C. 


Tutton*, as the result of a study of many experiments, proposed 
the formula v=Cr°””’s”,. where s and r represent the slope and 
hydraulic radius as in the Chezy formula. The values of m ranged 
from 0.48 for tarred iron pipes to 0.58 for pipes of lead, tin, and zinc, 
the average for all cases being m =0.54. Using this value, the for- 
mula became 0.63 0.54 

v=Cr''s 


for which the value of C was given as from 127 to 153 for new cast- 
iron pipes, from 83 to 98 for lap-riveted iron pipes, from 127 to 153 
for wooden pipes, and about 188 for lead, tin, and zinc pipes. 

Williams and Hazen ¢ have discussed experiments on both 
pipes and open channels, and have proposed an exponential for- 
mula that is equivalent to 


Is Gp tale eet 


in which c has different values for different surfaces and sections, 
_but its range of values is less than that of the c of the Chezy 
formula. The values of c and c are the same when 7 is 1 foot and 
sis o.co1. The greater the roughness of the surface, the smaller 
isc; in general, c is supposed to vary but little for different values 
of r. The following shows the range of the mean values of ¢ 
found from the records of experiments with different surfaces : 


* Transactions Engineers’ Society of Western New York, April, 1896. 
{ Hydraulic Tables, New York, 1910. 
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_ For coated new cast-iron pipes, from 111 to 146 
For tuberculated cast-iron pipes, from 16 to 112 
For riveted pipes, from 97 to 142 
For wooden stave pipes, from 113 to 129 
For new wrought-iron pipes, from 113 to 124 
For fire hose, rubber lined, from 116 to 140 
For masonry aqueducts, from 118 to 145 
For brick sewers, from 102 to 141 
For plank aqueducts, unplaned, from 113 to 120 
For masonry sluiceways, from 34 to 75 
For canals in earth, from 33 to 71 


The authors of this formula suggest that in computations for 
pipe capacity c be taken as too for cast-iron, 95 for riveted steel, 
120 for wooden, 110 for vitrified pipes, 100 for brick sewers, and 
120 for first-class masonry conduits. 


The circumstance that values of C in some of the exponen- 
tial formulas of this article have a smaller range of vaiues than 
the c of the Chezy formula is sometimes cited as an argument 
in their favor. While this is a good argument, the fact must 
not be overlooked that probably the true. theoretic formula for 
mean velocity in a pipe or channel is of the form noted in the 
first paragraph of Art. 110. 


In conclusion, it may be noted that when the velocity is very 
low, the Chezy formula is not valid. In sucha case the velocity 
does not vary with the square root of the slope, but with its first 
power, the same conditions obtaining as in pipes (Art.110). A 
glacier moving iin its bed at the rate of a few feet per year has a 
velocity directly proportional to its slope. Water flowing in a 
channel with a velocity less than one-quarter of a foot per second 
follows the same law, and the formulas of this chapter cannot be 
applied. The formula for this case is v = Cr’s, but values of C 
are not known. It is greatly to be desired that series of experi- 
ments should be made for determining values of C. 

Prob. 124. Compute the fall of the water surface in a length of 1000 


feet for a ditch where v = 3.62 feet per second, 7 = 2.75 feet, and m = 0.025; 
first by Williams and Hazen’s formula, and second, by formula (122) and 


Bazin’s coefficients. 
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Art. 124%. Bret’s FORMULA 

In 1907 Biel proposed * a new formula for flow in pipes and 

channels; in English measures it is 
uke rai aud = (1242) 
0.0003 + 7p! Goof + 2/7 

in which v is the mean velocity, 7 the hydraulic radius, f a factor 
of roughness of the channel, and k a quantity which expresses 
the viscosity of the fluid. The following are values of & for 
water: 
At 32° F., & = 0.0179; at 50° F., & = 0.0135; at 68° F., 
k = 0.0100, and the values of the factor of roughness are: 


f = 0.018 for planed matched boards and wrought-iron pipes; 

f = 0.036 for new cast-iron pipes and smooth cement pipes; 

f = 0.054 for rough boards and smooth brickwork; 
{ f = 0.072 for smooth masonry or brick channels; 

f = 0.29 for rough masonry and earth canals with bank walls; 

f = 0.50 for canals in earth and regular streams; 

f =o0.75 for canals and rivers with stones and weeds; 

f = 1.06 for canals and rivers in bad condition. 
In 1914 Camerer published ¢ an extended table from which 
values of the denominator in (1244) can be taken for given values 
‘of f and r, a rough value of v being first assumed. This triple- 
entry table is not a satisfactory one and hence no attempt 
will be made here to put it into English measures. It will be 
observed that (1243) is a quadratic equation withyv as the un- 
known quantity, and hence it appears to the authors that the 
most feasible plan is to solve the equation for each case as it 
arises. For this purpose let 


fae 4.1k a 1811's 
(roof + 2) (0.0663Vr + f) 0.0663V r +f 
and then the solution of the quadratic equation gives 


v= —-M4+VN+ 12 or closely v= —M+V0N 


* Zeitschrift Verein deutscher Ingenieure, Mittheilungen tiber Forschar- 
beiten, Heft 44. 
ft Wasserkraftmaschinen (Berlin, 1914), pp. 104-110. 
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For example take a rectangular trough of unplaned timber 3.93 
_ feet wide on a slope of 4.9 feet per 10.0 feet, the water being 1.29 

feet deep. Here r = 0.779 feet and s = 0.0049. Then, f being 
0.054, the value of M for 50° F. is 0.067, that of N is 54-32, 
and the mean velocity v is 7.30 feet per second. For the same 
data Kutter’s formula, with 1 = 0.012, gives 7.60 feet per 
second and Bazin’s formula, with m = 0.16, gives 7.09 feet per 
second. Since the observed velocity was 7.23 feet per second 
Biel’s formula yields the best result for this case. 


Biel gives the following as showing the relation between 
his f and Kutter’s 2: 


Kutter’s 1 ©,01I0 0.012 0.013 0.020 0.025 0.030 0.035 
Biel’s f CON CHOlyl CLP CoA) Chyo Cay wee 


That this is not quite satisfactory for rivers is shown by the 
six following comparisons in which Kutter’s 7 is known.* 


r in feet Ss obs. v n v by Biel, 
F=50° 
Rhine Delta Ir.08 ©.0001044 3.16 0.025 3.05 
Missouri River I7.70 ©.0002337 6.20 0.025 6.25 
Rhine at Basle 6.89 0.001218 6.38 ©.030 6.14 
Isar River 1.86 0.002500 4.02 ©.030 3.59 
Mississippi River. 24.10 ©.0000825 3.50 0.035 Beals 
Salzach River 3.87 ©.001796 4.45 0.035 4.56 


Biel claims that his formula applies to the flow of oil and 
fluids in pipes as well as to water, and also to air and gases, 
for such cases, however, the factor k in the formula is quite 
different from.the values stated above for water, it being the 
ratio of the viscosity factor of the liquid or gas to its specific . 
gravity. Biel’s formula shows that a rise of temperature 
increases the mean velocity of any liquid or gas. 


Prob. 1244. In U.S. Geological Survey Paper No. 18 is given a record 
of the gaging of the Bear River in Idaho, where the bed was of clay and 
gravel; the hydraulic radius was 2.31 feet, the slope was 0.00062, and the 
observed mean velocity was 2.36 feet per second. Compute the mean 
velocity by the formulas of Kutter, Bazin and Biel. 


* Ganguillet and Kutter’s Flow of Water, translated by Hering and 
Trautwine, New York, r1gor. 
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Art. 125. Losses oF HEAD 


The only loss of head thus far considered is that due to friction, 
but other sources of loss may often exist. As in the flow in pipes, 
these may be classified as losses at entrance, losses due to curva- 
ture, and losses caused by obstructions in the channel or by 
changes in the area of cross-section. 


When water is admitted to a channel from a reservoir or pond 
through a rectangular sluice, there occurs a contraction similar 
to that at the entrance into a pipe, and which may be often ob- 
served in a slight depression of the surface, as at D in Fig. 125a. 
At this point, therefore, the ve- 
locity is greater than the mean 
velocity v, and a loss of energy 
or head results from the subse- 
quent expansion, which is ap- 
proximately measured by the 
difference of the depths d, and d,, the former being taken at the 
entrance of the channel, and the latter below the depression 
where the uniform flow is fully established. According to the 
experiments of Dubuat, made late in the eighteenth century, 
the loss of head for this case is 


Fig. 125c. _ 


dy — dy aael 
2§ 

in which m ranges between o and 2 according to the condition 
of the entrance. If the channel be small compared with the 
reservoir, and both the bottom and side edges of the entrance 
be square, m may be nearly 2; but if these edges be rounded, 
m may be very small, particularly if the bottom contraction is 
suppressed. The remarks in Chap. 5 regarding suppression of 
the contraction apply also here, and it is often important to pre- 
vent losses due to contraction by rounding the approaches to 
the entrance. Screens are sometimes placed at the entrance to 
a channel in order to keep out floating matter; if the cross-sec- 
tion of the channel is ” times that of the meshes of the screen, 
the loss of head, according to (76)s, is (m — 1)%2/ 2g. 
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The loss of head due to bends or curves in the channel is small 
if the curvature be slight. Undoubtedly every curve offers a 
resistance to the change in direction of the velocity, and thus 
requires an additional head to cause the flow beyond that needed 
to overcome the frictional resistances. Several formulas have 
been proposed to express this loss, but they all seem unsatisfactory, 
and hence will not be presented here, particularly as the data 
for determining their constants are very 
scant. It will be plain that the loss of 
- head due to a curve increases with its 
length, as in pipes (Art. 91). Whena 
channel turns with a right angle, as in 
Fig. 125d, the loss of head may be 
taken as equal to the velocity-head, 
since the experiments of Weisbach on such bends in pipes in- 
dicate that value. In this case there is a contraction of the 
stream after passing the corner, and the subsequent expansion 
of section and the resulting impact causes the loss of head. 


Fig. 1250. 


The losses of head caused by sudden enlargement or by sud- 
den contraction of the cross-section of a channel may be estimated 
by the rules deduced in Arts. 76 and 77. In order to avoid these 
losses changes of section should be made gradually, so that energy 
may not be lost in impact. Obstructions or submerged dams 
may be regarded as causing sudden changes of section, and the 
accompanying losses of head are governed by similar laws. The 
numerical estimation of these losses will generally be difficult, 
but the principles which control them will often prove useful 
in arranging the design of a channel so that the maximum work 
of the water can be rendered available. But as all losses of head 
are directly proportional to the velocity-head v?/og, it is plain 
that they can be rendered inappreciable by giving to the channel 
such dimensions as will render the mean velocity very small. 
This may sometimes be important in a short conduit or flume 
which conveys water from a pond or reservoir to a hydraulic 
motor, particularly in cases where the supply is scant, and where 
all the available head is required to be utilized. 
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If no losses of head exist except that due to friction, this can 
be computed from (118) if the vélocity v and the coefficient c be 
known. For since the value of s is v?/c’r and also h/l, where h 
is the fall expended in overcoming friction, # may be found from 


= 15 = 10-7 C77. (125) 
but this computation will usually be liable to much error. 


As an example of the computations which sometimes occur 
in practice the following actual case will be discussed. From a canal 


Vg EO , 
B UF C ale L ¥ 
dis =' 


esa Fig, 126¢. 


A-water is carried through a cast-iron pipe B to an open wooden fore- 
bay C, where it passes through the orifice D and falls upon an over- 
shot wheel. At the mouth of the pipe is a screen, the area between the 
meshes being one-half that of the cross-section of the pipe. The pipe 
is 3 feet in diameter and 32 feet long. The forebay is of unplaned 
timber, 5 feet wide and 38 feet long, and it has three right-angled bends. 
The orifice is 5 inches deep and 4o inches wide, with standard sharp 
edges on top and sides and contraction suppressed on lower side so that 
its coefficient of contraction is about 0.68 and its coefficient of velocity 
about 0.98. The water level in the canal being 3.75 feet above the 


bottom of the orifice, it is required to find the loss of head between 
the points A and D. 


The total head on the center of the orifice is 3.75—0.208 = 3.542 
feet. Let v1 be the mean velocity in the pipe, v that in the forebay, 
and V that in the contracted section beyond the orifice. The area of 
the cross-section of the pipe is 7.07 square feet; that of the forebay, 
taking the depth of water as 3.7 feet, is 18.5 square feet, and that of 
the contracted section of the jet issuing from the orifice is 0.945 square 
feet. It will be convenient to express all losses of head in terms of the 
velocity-head »°/2, and hence the first operation is to express 2, and 
V in terms of 2, or 2; = 2.627 and V = 10.6v. Starting with the screen, 
the loss of head due to expansion of section after the water passes 
through it is, by Art. 76, ; 

yes (20s 0)? ne 
2§ 2g 
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The loss of head in friction in the pipe, using 0.02 for the friction factor 
is, by Art. 90, 
‘ h’ pe a oe 

d 2g 2g 
The loss of head in the expansion of section from the pipe to the fore- 
bay is, by Art. 76, 

2g "2g 

The loss of head in friction in the forebay, taking c from Table 122 
for the hydraulic radius 1.5 feet and degree of roughness m = 0.16, is 
then found to be 


one. e 
The loss of head in the three right-angled bends of the forebay is esti 
mated, as above’ noted, by 


The loss of head on the edges of the orifice is, by Art. 56, 
2 
h! = 0.041 ae pes 
2§ 28 
Now the total head is expended in these lost heads and in the velocity- 
head of the jet issuing from the orifice, or 
2 2 
Vaan 
2§ 28 
from which the value of v?/2¢ is found to be 0.00851 feet. Finally 
the total loss of head or fall in the free surface of the water before 


reaching the orifice is 


& 
3-542 = 29.9 — + 
2g 


2 
(29.9 — 15.9) = 14.0 X 0.00851 = 0.119 feet, 
28 


and therefore the water surface at D is 0.119 feet lower than that at 
A, and the pressure-head on the center of the orifice is 3.433 feet. 
This is the result of the computations, but on making measurements 
with an engineer’s level the water surface at D was found to be 0.125 
feet lower than that at A; the error of the computed result is there- 
fore 0.006 feet. 

Prob. 125. Compute from the above data the velocities 2, 21, and V, 
and the discharge through the orifice. Show that the head lost in passing 
through the screen was 0.059 feet, which is about one-half of the total. 
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Art. 126. VELOCITIES IN A CROSS-SECTION 


For a circular conduit running full and under pressure the 
velocities in different parts of the section vary similarly to those 
in pipes (Art. 86). | When it is partly full, so that the water flows 
with a free surface, the air resistance along that surface is much 
smaller than that along the wetted perimeter, and hence the sur- 
face velocities are greater than those near the perimeter. Fig. 
126a illustrates the variation of velocities in a cross-section of the 


SCALE OF FEET 
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Sudbury conduit when the water was about 3 feet deep, as deter- 
mined by the gagings of Fteley and Stearns.* The g7 dots are 
the points at which the velocities were measured by a current 
meter (Art. 40), and the velocity for each point in feet per second 
is recorded below it. From these the contour curves were drawn 
which show clearly the manner of variation of velocity throughout 
this cross-section. Since the dots are distributed over the area 
quite uniformly, that area may be regarded as divided into 97 
equal parts, in each of which the velocity is that observed, and 
hence the mean of the 97 observations is the mean velocity (Art. 
39). Thus is found v=2.620 feet per second, and this is 85 per 
cent of the maximum observed velocity. 


Similarly Fig. 1260 shows the results of an experiment on the 
New Croton Aqueduct.f In this case the average velocity de- 


* Transactions American Society of Civil Engineers, 1883, vol. 12, p. 324. 
7 Report of The Aqueduct Commissioners, New York, 1895-1907. 
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termined from the 128 individual observations is 3.570, and this 
is 89 percent of the maximum observed velocity. A description 
of the methods followed in making the gagings on this aqueduct 


Average Depth 10.13 ft. _ November 14th, 1906 
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Fig. 1260. 


is to be found at page 106 of vol. 66, Transactions American So- 
ciety of Civil Engineers. See also Art. 123. 


An examination of the distribution of velocities in Fig. 126) 
indicates that the maximum velocity does not occur at the center 
of the cross-section. This is due to the fact that the aqueduct 
at the point where the gaging was taken is located on a curve 
which tends to throw the maximum velocity away from the 
center and toward the outside of the curve. 
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If all the filaments of a stream of water in a channel have the 
same uniform velocity v, the kinetic energy per second of the flow 
is the weight of the discharge multiplied by the velocity-head ; or 


ay Sa =e 
2§ 2§ 2§ 
in which W is the weight of the water delivered per second, w 
is the weight of one cubic unit, g the discharge per second, and a 
the area of the cross-section. For this case, therefore, the energy 
of the flow is proportional to the area of the cross-section and to 
the cube of the velocity. Since, however, the filaments have 
different velocities, this expression may be applied to the actual 
flow by regarding v as the mean velocity. To show that this 
method will be essentially correct, Fig. 126a¢ may be discussed, 
and for it the true energy per second of the flow is 


Ve = cor a 2° fits ee *) 
97 28 28 
now the ratio of this true kinetic energy to the kinetic energy 
expressed in terms of the mean velocity is 
1G ok D> +3 + --- + v97° 
fay 970° 


By cubing each individual velocity and also the mean velocity, 
there is found K’ = 0.9992K, so that in this instance the two 
energies are practically equal, and hence it is probable that in 
most cases computations of energy from mean velocity give 
results essentially correct. 

Prob. 126. Draw a vertical plane through the middle of Fig. 1260 
and construct a longitudinal vertical section showing the distribution of ve- 
locities. Also draw a horizontal plane through the region of maximum ve- 
locity and construct a longitudinal horizontal section. Ascertain whether 


the curves of velocity for these sections are best represented by parabolas 
or by ellipses. 


Art. 127. Computations In MEtrRIC MEASURES 


(Art. 113) The coefficient c in the Chezy formula depends upon 
the linear unit of measure. Let.c, be the value when 9 and r are ex- 
pressed in feet and c, the value when v and r are expressed in meters, 
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and let g,; and g. be the corresponding values of the acceleration of 
gravity. Then since c= V 8¢/f, it is seen that 


Co = C1V 20/81 = CrV/9.80/32.16 = 0.552 Cy 


Hence any value of c in the English system may be transformed into 
the corresponding metric value by multiplying by 0.552. The metric 
value of c for conduits and canals usually lies between 16 and too. 


(Art. 114) Table 127a gives values of the Chezy coefficient c 
for circular conduits, full or half full. In using it a tentative method 
must be employed, and for this purpose there may be used at first, 


mean Chezy coefficient c = 68 


and then, after v has been computed, a new value of c is taken from the 
table and a new vis found. For example, let it be required to find the 
velocity and discharge of a circular conduit of 1.5 meters diameter 
when laid on a grade of 0.8 meters in 1000 meters. First, 


v = 68 X 31.5 X 0.0008 = 1.18 meters per second, 


and for this velocity the table gives about 77 forc. A second compu- 
tation then gives » = 1.33 meters per second and from the table c 
is 78.2. With this value is found » = 1.35 meters per second, which 
may be regarded as the final result. When running full, the discharge 
of this conduit is 0.7854 X 1.5? X 1.35 = 2.39 cubic meters per second. 


TaBLE 127a. CHEzY COEFFICIENTS FOR CIRCULAR CONDUITS 


Metric Measures 


Velocity in Meters per Second 


Diameter 


0.9" 


60 
64 
68 
7O 
72 
74 
dh 


79 
82 


314 


Chap. 9. 
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(Art. 115) Table 115 is the same for all systems of measures. 
The results in Art. 115, for Bazin’s semicircular conduits of 1.25 
meters’ diameter on a slope s = 0.0015, are as follows, when all dimen- 
sions are in meters: 


For cement lining 


d’ 
0.625 
0.491 
0.314 
0.180 


r v Cc 
OR T4L.O5 oS) 
0.264 1.61 81 
OSs 1270070 
O. 02 O10 2m 7.T 


For mortar lining 


d’ r v 
0.625 0.312 1.69 
OF5 15 0:2 7/5 Gk 
0.332 0.194 1.18 
0.186 0.116 0.88 


c 
78 
75 
69 
66 


Here the coefficient c for any depth d’ may be roughly expressed by 
C:— 30(2d—d’), where c, is the coefficient for the conduit half full. 


(Art. 116) Table 127) gives metric values of c for wooden and 
rectangular sections on a slope s = 0.0049, as determined by the work 
of Darcy and Bazin. 


TABLE 


1275. CHEzy COEFFICIENTS C FOR RECTANGULAR 
ConDuvuITS 


Metric Measures 


Unplaned Plank Unplaned Plank 
b =1.2 Meters b = 2 Meters 


Neat Cement 


Brick 


6 =1.8 Meters b =1.9 Meters 


Arto 117) min designing channels in earth the following values 
may be used for preliminary computations : 


for unplaned plank, 

for smooth masonry, 

for clean earth, 

for stony earth, 

for rough stone, 

for earth foul with weeds 


C=55 to 66 
C= 50 to 61 
C = 33 to 4o 
C22 to138 

= 19 to 28 


C=17 to 28 
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(Art.118) When 7 is in meters and v in meters per second, Kut- 
ter’s formula takes the form 
“+23 an er 
Cc SS  ___.._. 
Baoe ee ec) 
Vr s 


in which the number 2 depends upon the roughness of the surface, 
its values being those given in Art. 118. It may be noted that when 
the hydraulic radius 7 is one meter, the value of c is 1/n. 


(Art. 119) Metric coefficients for sewers will be found in Table 
127c. As these are given to the nearest unit only, the error in using 
them is slightly greater than with the larger coefficients of the English 
system. In important cases the values of c may be directly computed 
from Kutter’s formula. 


TABLE 127c. KUuTTER’s COEFFICIENTS C FOR SEWERS 


Metric Measures 


5 = 0.00005 5 = 0.0001 5 =0.01 


Hydraulic 
Radius r 
in Meters nm =0.015 nN =0.017 nM =0.015 n= 0.017 nm = 0.015 nN =0.017 


0.05 26 31 
o.1 34 37 
0.15 39 42 
0.2 43 é 46 
0.3 49 51 
0.5 56 57 
0.7 62 62 
1.0 67 ; 67 


(Art. 120) Table 127d in metric measures corresponds to Table 
120 in English measures and is used in the same manner. 

(Art. 121) The metric coefficients c for steel, cast-iron, and wood 
pipes may be obtained from those in the text by multiplying by 0.55 2, 
while the velocities and diameters may easily be replaced by metric 
equivalents with the help of Table C at the end of this volume. 

(Art. 122) The values of c in Table 127e have been taken from 
the more extended table published in 1897 by Bazin, while those in 
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Table 122 have been computed by (115). In metric measures Bazin’s 
formula for channels is 


=cVis a 127 
v CV Irs Cc Ha age ( Je 


in which m has the same values as those given in Art. 122. 


TABLE 127d. KuTTER’s COEFFICIENTS C FOR CHANNELS 


Metric Measures 


5=0.01 


Hydraulic 

Radius 7 

in Meters ; 
: N = 0.025 N = 0.030 


TABLE 127e. Bazin’s COEFFICIENTS C FOR CHANNELS 
Metric Measures 
Hydraulic 


Radius r ms a3 a 
in Meters m — 0.85 m = 1.30 m=t.75 
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(Art. 123) The metric formula for the Sudbury conduit is 
v = 80.9r°s°5, and Foss’ formula Art. 124 for circular conduits 
or large pipes when running full is s = o. o1189* / ao 


(1243) The formula of Biel, in metric measures, is 


rooors 
i 2.5k 

0.12 + + — 

Vir (roof 2)uVr 


in which the values of f and k are the same as in Art. 1243. This 
may be solved as a quadratic equation by putting 


y= 


3 
L258 Tooor’s 


is (roof + 2) (o.12Vr + f) aie o.12Vr +f 


and then v = —M+WVWN + M or closely » = = LAN: 


Prob. 127a. Compute the value of c for a circular conduit 1.4 meters 
in diameter which delivers 4.86 cubic meters per second when running full, 
its slope being 0.008. 

Prob. 127. Find the hydraulic radius for a circular conduit of 1.6 
meters diameter when the water is 1.2 meters deep. 

Prob. 127c. If the value of c is 30, compute the depth of a trapezoidal 
section to carry 10 cubic meters per second, the slope s being 0.0015, the 
bottom width double the depth, and the sides making an angle of 34° with 
the horizontal. 

Prob 127d. A conduit lined with neat cement has a cross-section of 
3.45 square meters and a wetted perimeter of 5.02 meters and its slope is 
0.00025. Compute the discharge in liters per 24 hours, (a) by Kutter’s 
formula, (6) by Bazin’s formula, (c) by Williams and Hazen’s fo: mula, 
and (d) by Biel’s formula. 
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CHAPTER 10 
THE FLOW OF RIVERS 


ArT. 128. GENERAL CONSIDERATIONS 


Steady flow in a river channel occurs when the same quan- 
tity of water passes each section in each unit of time; here the 
mean velocities in different sections vary inversely as the areas 
of those sections. Uniform flow is that particular case of steady 
flow where the sections considered are equal in area. Uniform 
flow and some other cases of steady flow will be mainly considered 
in this chapter. Non-steady flow occurs when the stage of a 
river is rising or falling, and Art. 134 treats of this case. 


No branch of hydraulics has received more detailed investiga- 
tion than that of the flow in river channels, and yet the subject 
is but imperfectly understood. The great object of all these 
investigations has been to devise a simple method of determining 
the mean velocity and discharge without the necessity of expen- 
sive field operations. In general it may be said that this end has 
not yet been attained, even for the case of uniform flow. Of 
the various formulas proposed to represent the relation of mean 
velocity to the hydraulic radius and the slope, none has proved 
to be of general practical value except the empirical one of Chezy 
given in the last chapter, and this is often inapplicable on account 
of the difficulty of measuring the slope s and determining the 
coefficient c. The fundamental equations for discussing the 
laws of variation in the mean velocity v and in the discharge g are 


ee Bay 
where a is the area of the cross-section and r its hydraulic radius, 


and all the general principles of the last chapter are to be taken 
as directly applicable to uniform flow in natural channels. 
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Kutter’s formula for the value of c is probably the best in the 
present state of science, although it is now generally recognized 
that it gives too large values for small slopes. In using it the 
coefficients for rivers in good condition may be taken from Table 
120, but for bad regimen 7 is to be taken at 0.03, and for wild tor- 
rents at 0.04 or 0.05. Itis, however, too much to expect that a sin- 
gle formula should accurately express the mean velocity in small 
brooks and large rivers, and the general opinion now is that 
efforts to establish such an expression will not prove successful. 
At the present time the formulas of Kutter (Art. 118), 
Bazin (Art. 122), and Biel (Art. 1243) are the only ones that 
can properly be used for computing the mean velocity and dis- 
charge of ariver. The results obtained are approximations only, 
and in any important case it is best to make actual gagings 
by the methods described in Arts. 130-132. When these 
formulas are used the width of the stream is to be divided into 
a number of parts and soundings taken at each point of division. 
The data are thus obtained from which the section-area a and 
its wetted perimeter p can be found, and then the hydraulic 
radius r is determined by r = a/p (Art. 112). 

The slope s is to be found by s=h/l. To determine the 
fall h a length J is to be measured, at each end of which 
bench-marks are established whose difference of elevation is 
found by precise levels. The elevations of the water surfaces 
below these benches are then to be simultaneously taken, whence 
the fall # in the distance / becomes known. As this fall is often 
small, it is very important that every precaution be taken to 
avoid error in the measurements, and that a number of them be 
taken in order to secure a precise mean. Care should be observed 
that the stage of water is not varying while these observations 
are being made, and for this and other purposes a permanent 
gage board must be established. It is also very important that 
the points upon the water surface which are selected for compari- 
son should be situated so as to be free from local influences such 
as eddies, since these often cause marked deviations from the 
normal surface of the stream. If hook gages can be used for re- 
ferring the water levels to the benches, probably the most accurate 
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results can be obtained. It has been observed that the surface 
of a swiftly flowing stream is not a plane, but a cylinder, which is 
concave to the bed, its highest elevation being where the velocity 
is greatest, and hence the two points of reference should be located 
similarly with respect to the axis of the current. In spite of all 
precautions, however, the relative error in / will usually be large 
in the case of slight slopes, unless / be very long, which cannot 
often occur in streams under conditions of uniformity. 


Owing to the uncertainty of determinations of discharge made 
in the manner just described, the common practice is to gage the 
stream by velocity observations, to which subject, therefore, a 
large part of this chapter will be devoted. The methods given 
are equally applicable to conduits and canals, and in Art. 133 will 
be found a summary which briefly compares the various processes. 

Prob. 128. Which has the greater discharge, a stream 2 feet'deep and 


85 feet wide on a slope of r foot per mile, or a stream 3 feet deep and 40 feet 
wide on a slope of 2 feet per mile ? 


Art. 129. Vetocirirs In A CROSS-SECTION 


The mean velocity v is the average of all the velocities of all 
the small séctions or filaments in a cross-section (Art. 112). Some 
of these individual velocities are much smaller, and others ma- 
terially larger, than the mean velocity. Along the bottom of 
the stream, where the frictional resistances are the greatest, the 
velocities are the least; along the center of the stream they are 
the greatest. A brief statement of the general laws of variation 
of these velocities will now be made. 


In Fig. 129 there is shown at A a cross-section of a stream 
with contour curves of equal velocity ; here the greatest velocity 
is seen to be near the deepest part of the section a short distance 
below the surface. At B is shown a plan of the stream with ar- 
rows roughly representing the surface velocities; the greatest 
of these is seen to be near the deepest part of the channel, while 
the others diminish toward the banks, the curve showing the law 
of variation resembling an ellipse. At C is shown by arrows 
the variation of velocities in a vertical line, the smallest being 
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at the bottom and the largest a short distance below the surface; 
_ concerning this curve there has been some contention, but it is 
now well established to 


be a parabola whose axis GES — 
is horizontal. These are Sey = 
the general laws of the ee Cc 


variation of velocity 
throughout the cross- 
section; the particular 
relations are of a com- 
plex character, and vary so greatly in channels of different kinds 
that it is difficult to formulate them, although many attempts 
to do so have been made. Some of these formulas which con- 
nect the mean velocity with particular velocities, such as the 
maximum surface velocity, mid-depth velocity in the axis of 
the stream, etc., will be given in Art. 132. 


Fig. 129. 


Considering the law of variation of surface velocities to be 
represented by an ellipse, its equation for a straight channel is 


Ve = 01 + (Ym — 11)V 1 — (x /0)? (129), 
-in which 0 is the half-width of the river, 7; the velocity at the banks, 
%, the maximum velocity along the center line AC, and 2, the velocity 
at the distance x from the centerline. Fig. 
= 129q is a plan of a part of a straight river 
showing two surface ellipses, the full-line 
curve being for 71 = $m and the other for 
V1 = 40. The mean surface velocity, found 
by dividing the area of the curve by its 
base DD is 0.215 21 + 0.785 tm and it may 
be shown that this is equal to the surface 
velocity at a distance 0.62) from the center 
line AC. 
Observations of surface velocities show 
much variation from these typical curves,* 
Os ek but on the whole they indicate an approxi- 
mation to ellipses. The velocity vnear the banks may vary consider- 
ably, depending upon the depth of water there; it is sometimes greater 


* Roorkee Hydraulic Experiments (1881), p. 187. 
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than one-half of the maximum velocity 2. When 2; is zero, the 
mean surface velocity is equal to 0.785 tm; when 21 is 0.75 Um, the 
mean surface velocity is 0.946 vm. These relations result from the 
assumption that the ellipse represents the law of variation. 


As to velocities in a vertical, it has long been known that a float- 
ing raft or boat moves faster than the surface water. This fact was 
well known to Dubuat, the founder of modern hydraulics, but he was 
unable to explain it satisfactorily, as he considered that the velocities 
decreased uniformly from the surface to the bottom.* Later obser- 
vations have conclusively proved that the maximum velocity is usu- 
ally below the surface and this explains why the floating boat moves 
faster than the surface current. 


Humphreys and Abbot deduced in 1861 from their observations 
on the Mississippi River { that the equation of the mean curve of 
velocities in a vertical line was 


Vz = 3.261 — 0.7922(z/d)? 


in which JV, is the velocity in feet per second at any distance z above 
or below the horizontal axis of a parabolic curve and d is the depth 
of the water, the axis being at the depth 0.297d below the surface. 
It is more convenient to take the origin for the curve at the surface, - 
and the equation then becomes 


Vy = 3-191 + 0.471 (y/d) — 0.792(y/d)? 


in which Vy is the velocity at the depth y below the surface. When 
y = 0, this equation gives the mean surface velocity of the Mis- 
Sissippi as 3.19 feet per second, and when y = d it gives the mean 
bottom velocity as 2.87 feet per second. Humphreys and Abbot 
also found that the position of the horizontal axis of the parabola 
varied greatly with the wind, an up-stream wind of force 4 depress- 
ing it to mid-depth and a down-stream wind of force 5-3 elevating it 
to the surface. 


The general equation of the parabola of velocities in a vertical 
line, with origin at the surface, is 


V,=V.+ My — Ny? 


*Dubuat, Principes de hydraulique, vol. r. 
t Physics and Hydraulics of Mississippi River, ed. 1876, p. 243. 


e 
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in which y is now taken in terms of the depth unity (Fig. 1290), 
Vy, is the velocity at the depth y, V, the velocity at the surface, 
and M and W are constants. When y =o, then V, = V,; the 
value of y which renders (129)2 a maximum is M/2N, and designating 
this by m, the equation becomes 


Vy = Vo+ 2mNy — Ny? (129) 


The area included between the curve and the axis of ordinates-AB, 
Fig. 1296, is now found and this, divided by the total depth unity, 
gives the mean velocity in the vertical as 


VV tem N IN (129)s 
Equating the right-hand members of (129)? and (129)*, there results 
y? — amy = 3— m 


as an equation from which the depth y can be computed at which 


0 m 

i" i a 

0.4 0.4 

! m=0 m =0.2 
Fig. 129b. Fig. 129¢. 


the velocity Vz is equal to the mean velocity in the vertical. From 
this the following results are found for different positions of the axis, 
m being the depth of that axis below the surface: 


Form o= -0o OntnO. 27-3 3 0.4 


Depth for mean= 0.577 0.593 0.616 0.651 0.667 0.706 


One of the methods of gaging given in Art. 130 depends upon these 
results. When m is 3 the surface velocity is also equal to the mean; 
when m = 0.4 there is also a point at the depth 0.094 where the 
velocity is equal to the mean V. Fig. 129¢ shows the three curves 
of velocities in a vertical for the cases m = 0, m = 0.2, = 0.4. 


Two points on the parabola can be found so that the average 
of the velocities at those depths is equal to the mean velocity V in 
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the vertical. Let yi and yo be the depths of these points. Then 
from (129)2 the average of the two velocities is 


2 2 
Vo+ amy wl ee? 


and equating this to the second member of (129)3, the quantities V, 
and NV cancel out, and there is found 


my + y2) — (91? + y2”?) = m — 3 


This is satisfied when y, + yo = 1 and yj? + yo? = 2 and from these 
equations are found the values y; = 0.211 and ye = 0.789. One 
of the methods of gaging given in Art. 180 depends upon these values. 

Prob. 129. Prove that the average of three velocities taken at the 
depths 0.15, 0.50, 0.85 on a vertical line will give the mean velocity in that 
vertical. 


Art. 180. VEtocity MEASUREMENTS 


One of the methods for measuring the discharge of streams 
which has been extensively used is by observing the velocity of 
flow by the help of floats. Of these there are three kinds, sur- 
face floats, double floats, and rod floats. Surface floats should 
be sufficiently submerged so as to thoroughly partake of the 
motion of the upper filaments, and should be made of such a form 
as not to readily be affected by the wind. The time of their 
passage over a given distance is determined by two observers at 
the ends of a base on shore by stop-watches; or only one watch 
may be used, the instant of passing each section being signaled 
to the time-keeper. If / be the length of the base, and ¢ the time 
of passage in seconds, the velocity of the float isv = J/t. When 
there are many observations, the numerical work of division is 
best done by taking the reciprocals of ¢ from a table and multi- 


plying them by /, which for convenience may be an even number, 
such as 100 or 200 feet. 


A sub-surface float consists of a small surface float connected 
by a fine cord or wire with the large real float, which is weighted 
so as to remain submerged and keep the cord reasonably taut. 
The surface float should be made of such a form as to offer but 
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slight resistance to the motion, while the lower float is large, it. 
being the object of the combination to determine the velocity of 
the lower one alone. This arrangement has been extensively 
used, but it is probable that in all cases the velocity of the large 
float is somewhat affected by that of the upper one, as well as 
by the friction of the cord. In general the use of these floats is 
not to be encouraged, if any other method of measurement can | 
be devised. 


The rod float is a hollow cylinder of tin, which can be weighted 
by dropping in pebbles or shot so as to stand vertically at any 
depth. When used for velocity determinations, they are weighted 
so as to reach nearly to the bottom of the channel, and the time 
of passage over a known distance determined as above explained. 
It is often stated that the velocity of a rod float is the mean 
velocity of all the filaments in contact with it. Theoretically 
this is not the case, but the rod moves a little slower. However, 
in practice a rod cannot reach quite to the bed of the stream, and 
Francis has deduced the following empirical formula for finding 
the mean velocity V,, of all the filaments between the surface and 
the bed from the observed velocity V, of the rod : 


V,, = V,(t.012 —0.116 Vd’ /d) 


in which d is the total depth of the stream and d’ the depth of 
water below the bottom of the rod.* This expression is probably 
not a valid one, unless d’ is less than about one-quarter ot ds 
usually it will be best to have d’ as small as the character of the 
bed of the channel will allow. 


The log formerly used hy seamen for ascertaining the speed 
of vessels may be often conveniently used as a surface float when 
rough determinations only are required, it being thrown from a 
boat or bridge. The cord of course must be previously stretched 
when wet, so that its length may not be altered by the immersion ; 
if graduated by tags or knots in divisions of six feet, the log may 
be allowed to float for one minute, and then the number of divi- 


* Lowell Hydraulic Experiments, 4th Edition, p. 195. 
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sions run out in this time will be ten times the velocity in feet 


per second. 

The determination of particular velocities in streams by means 
of floats appears to be simple, but in practice many uncertainties are 
found to arise, owing to wind, eddies, local currents, etc., so that a num- 
ber of observations are required to obtain a precise mean result. 

For conduits, canals, and for many rivers the use of a current 
meter will often be found to be more satisfactory and less expensive 
if many observations are required. Comparisons between the re- 
sults of float and rod gagings have been made by Murphy.* ‘These 
comparisons include those made at the Cornell University labora- 
tory between the weir and the current meter in 1900. 

Other current indicators less satisfactory for work in streams 
are the Pitot tube and the hydrometric pendulum, shown in Fig. 
130a. The former has not been found valuable for river measure- 
ments, although it has proved to be an instrument of great pre- 

cision for other classes of work 


TT Wy, (Art. 41), and the latter, although 
’ used by some of the early hydrau- 
= = = = == licians, has long been discarded as 

= =O giving only rough indications. The 


same may be said of the hydro- 
metric balance, in which weights 
measure the intensity of the pressure of the current, and of the 
torsion balance, in which the pressure of the current on a sub- 
merged plate causes the tightening of a spring. These instru- 
ments were used only for measurements of velocities in small 
channels, and they are now mere curiosities. 


Fig. 130c. 


The current meter, described in Art. 40, is generally operated 
from a bridge or cable in the case of a small stream, but it must 
be often operated from an anchored boat in large rivers. In the 
latter case precise measurements of surface velocities may be 
difficult on account of the eddies around the boat. Even when 
operated from a bridge, it is not easy to obtain successful results 
when the velocity exceeds 4 or 5 feet per second, and special 


* Water Supply and Irrigation Paper No. 95, Washington, 1904. 
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expedients are necessary to keep the meter in position. How- 
ever, the current meter, accurately rated, will in general do bet- 
ter work than can be done by floats. 


In using the current meter for the determination of velocity four 
principal methods are used on the work of the U.S. Geological Survey ; 
these have been reviewed by 
Hoyt.* In the first a vertical 0 
velocity curve is determined by 
placing the meter at regular 
‘vertical intervals from the sur- 2 
face of the water to the bottom 
of the stream and observing 
the velocity at each such in- 
terval. The points so selected 
are usually from ro to 20 per- 
cent of the water depth apart. 
On plotting the velocities ob- 
tained, a curve results which 7 
graphically indicates the varia- 
tions in the velocity as they 
are dependent on the depth. 9 
The average velocity in the 
vertical can be determined by 
averaging all of the observa- si 
tions, or more accurately by 
ascertaining the area fixed by the curve and the axis of ordinates 


A Water Surface B 


oe 


Depth in Feet 


Sy depth 


Bottom 


it 2 3 
Velocity in Feet per Second 


Fig. 1300. 


sand then dividing this area by the depth of the water in the ver- 


tical. Thus in‘Fig. 130 the mean velocity is the area ABC divided 
by the depth 9.5 feet. 

In the second of these four methods the velocities at distances 
below the surface of 0.2 and 0.8 of the depth are determined and the 
mean taken as the average velocity in the vertical. Many observa- 
tions have proven that this method is correct, and theoretically it 
is based on the mathematical fact that if the velocity curve be a 
parabola, then the mean velocity in the vertical will be the average 
of those at 0.2113 and 0.7887 of the water depth (Art. 129). 


The third of these methods consists in observing the velocity 


* Transactions American Society of Civil Engineers, 1910, vol, 66. 
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at a distance below the surface equal to 0.6 of the water depth. This 
procedure is also based on the assumption that the velocity curve is 
a parabola whose axis is parallel to the water surface and lies below 
it from o to 0.3 of the water depth; here it can be shown mathe- 
matically that the abscissa which represents the mean velocity lies 
between 0.58 and 0.65 of the water depth (Art. 12°). 


In the fourth method the mean velocity is determined by observ- 
ing the velocity at a point from o.5 to 1.0 feet below the water 
surface and applying a coefficient determined by observation. This 
coefficient ranges from 0.78 to 0.98, and Hoyt* recommends the fol- 
lowing. For average streams in moderate freshets 0.90; during floods 
from 0.go to 0.95, and for ordinary stages of flow from 0.85 to 0.90. 


In the following tabulation are shown the results obtained in 
476 vertical velocity curves* on 34 rivers in various parts of the United 
States. The depths of these streams ranged from 1.6 to 27.5 feet and 
the observed velocities from 0.25 to 9.59 feet per second. The figures 
given are the coefficients by which the average velocities determined 
by the various methods should be multiplied in order to obtain the 
mean velocity as determined from the vertical velocity curve in the 
first method above described. 


COEFFICIENT 
Metuop 
Maximum Minimum Mean 
2 I.026 0.970 I.OO1 | 
3 1.03 0.95 2.99 | 
4 0.98 0.79 0.98 


In the 476 velocity curves above referred to it was found that the 
point of mean velocity occurred at from 58 to 71 percent of the water 
depth below the surface, and that the average of all the curves showed 
it to be at 0.62 of the depth. 


In cases where the stream to be measured is frozen over it has been 
found that the best work is done by the vertical velocity curve method, 
though the 2 and 8 tenths depth method also gives good results. 
A résumé of studies of the flow under ice by Murphy ¢ indicates that 


* Transactions American Society of Civil Engineers, 1910, vol. 66. 
t U.S. Water Supply and Irrigation Paper No. 95, 1904. 
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the maximum velocity is to be found at from 35 to 4o percent of the 
water depth below the under surface of the ice and that the mean 
velocity occurs at two points, the first from 0.08 to 0.13 and the second 
from 0.68 to 0.74 of the water depth below the under surface of the ice. 
The so-called integration method of determining the average 
velocity in a vertical consists in moving the meter at a uniform rate 
from the surface to the bottom and back again. Each point is thus 
passed over twice, and the average velocity indicated should be the 
mean velocity in the vertical. Probably a better method is to take 
_ the average of three velocities observed at 0.15, 0.50, and 0.85 of 
the depth (see Prob. 129). 


Prob. 130. A rod float runs a distance of too feet in 42 seconds, the 
depth of the stream being 6 feet, while the foot of the rod is 6 inches above 
the bottom. Compute the mean velocity in the vertical. 


Art. 181. GAGING THE DISCHARGE 


For a very small stream the most precise method of finding 
the discharge is by means of a weir constructed for that purpose. 
Streams of considerable size often have dams built across them, 
and these may also be used like weirs with the help of the coeffi- 
cients given in Art. 69, if there be no leakage through the dam. 
When there are no dams, the method now to be explained is gen- 
erally employed. In all cases the first step should be to set up 
a vertical board gage, graduated to feet and tenths, and locate 
its zero with respect to the datum plane used in the vicinity, so 
that the stage of water may at any time be determined by 
reading the gage. 

The place selected for the gaging should be one where the 
channel is free from obstructions and as nearly as. possible free 
from bends and curves for some distance both up and down 
stream. One or more sections at right angles to the direction of 
the current are to be established, and soundings taken at inter- 
vals across the stream upon them, the water gage being read 
while this is done. The distances between the places of soundings 
are measured either upon a cord stretched across the stream or 
by other methods known to surveyors. The data are thus ob- 
tained for determining the areas 1, 42, 4%; etc., shown upon Fig. 


328 Chap. 10. The Flow of Rivers 


131a, and the sum of these is the total area a. Levels should be 
run out upon the bank beyond the water’s edge, so that in case of 
a rise of the stream the ad- 


5 ae ane es 
Zp ZD fabs sea er = ditional areas can be de 
ea a duced. If a current meter 

Yt is used, but one section is 

Eig tole. needed; if floats are used, 


at least two are required, and these must be located at a place 
where the channel is of as uniform size as possible. 


The mean velocities v), v2, v3, etc., are next to be determined 
for each of the sub-areas. Witha current meter this may be done 
by starting at one side of a subdivision, and lowering it at a uni- 
form rate until the bottom is nearly reached, then moving it a 
few feet horizontally and raising it to the surface, then moving 
it a few feet horizontally and lowering it, and thus continuing 
until the sub-area has been covered. The velocity then deduced 
from the whole number of revolutions during the time of im- 
mersion is the mean velocity for the sub-area. Or, by using any 
one of the methods for determining the mean velocity in the ver- 
tical as described in Art. 130 the mean velocity may be deter- 
mined. When rod floats are used, they are started above the 
upper section, and the times of passing to the lower one noted, 
as explained in Art. 130, the velocity deduced from a float at 
the middle of a sub-area being taken as the mean for that area. 
It will be found that the rod floats are more or less affected 
by wind, the direction and intensity of which should always be 
recorded in the field notes. 


The discharge of the stream is the sum of the discharges 
through the several sub-areas, or 
gd = Qyv, + A2V9 + 4303 + Sue, 
and if this be divided by the total area a, the mean velocity for 


the entire section is determined. 


If di, dy, ds, etc., are the depths in feet on the several verticals 
in Fig. 131a, and if v4, 2%, 2s, etc., represent the mean velocities 
in feet per second in these verticals, while 7 is the constant inter- 
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val in feet between them, then the discharge in cubic feet per 
second will be given by the formula 


= : [dyv1 + (di + de) (21 +02) + dor] + ete. 


For most cases, however, sufficient accuracy will be given by 
the expression 


Q= i (2 = ) 4 x =] + ete. 


and this is the method which has been adopted by the U. S. 
Geological Survey. It permits of ready computation, while at 
the same time it does not require absolute uniformity in the 
interval 7. Stevens * has compared the various methods and 
formulas which have been used for the computation of the dis- 
charge in such cases. 


The following notes give the details of a gaging of the Lehigh 
River, near Bethlehem, Pa., made at low water in 1885 by the use of 
rod floats. The two sections were 100 feet apart, and each was divided 
into ro divisions of 30 feet width. In the second column are given the 
soundings in feet taken at the upper section, in the third the mean of 
the two areas in square feet, in the fourth the times of passage of the 
floats in seconds, in the fifth the velocities in feet per second, which 
were obtained by dividing 100 feet by the times, and in the last are the 
products 4,2}, @%, which are the discharges for the subdivisions a, 
dy, etc. The total discharge is found to be 826 cubic feet per second, 


Subdivisions Depths Areas Times Velocities Discharges 
I so 55-5 380 0.263 14.6 
2 ae. 148.5 220 0.454 67.4 
3 : 201.7 185 0.540 108.9 
4 ioe 217.5 120 0.833 181.2 
5 eS 210.0 145 0.690 144.9 
6 (ES. 186.0 150 0.667 124.1 
7 5-3 150.8 165 0.606 OI.4 
8 43 II4.0 200 0.500 57.0 
9 a2 84.0 320 0.313 26.3 

Io a 42.0 430 0.233 9.8 
0.0 
@ = 1410.0 gq = 825.6 


* Engineering News, June 25, 1908. 
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and the mean velocity is v = 826/1410 = 0.59 feet per second. A 
second gaging of the stream, made a week later, when the water 
level was 0.59 feet higher, gave for the discharge 1336 cubic feet per 
second, for the total area 1630 square feet, and for the mean velocity 
0.82 feet per second. 

In the following tabulation are illustrated both the field notes 
and the subsequent computations made to determine the dis- 
charge of a stream from a current meter gaging. 


Velocity Dis- 


Dis- 
wees Area of ee 
from Point of Mean Gaetion ubic 
Initial Obser- in Feet per 
Point vation Ver- Second 
tical 


fe} 


1.18 


Totals 


After a number of discharge measurements have been made 
at a particular gaging station and at a number of different gage 
heights or water stages it becomes possible to plot for the station 
a rating curve which will show the discharge of the stream at 
any given stage. It is also convenient, for purposes of record and 
comparison, to plot on the same sheet the curves of mean velocity 
and areas of the cross-sections for each of the gagings. As new 
measurements of discharge are made they, together with their 
corresponding velocities and areas, may then be plotted upon this 
sheet, and any errors or differences such as those due to a change 
in the stream bed become at once apparent. Such curves are 
shown in Fig. 1310. 
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After the discharge curve for a station has been established, it 
becomes possible, by keeping a record of the gage heights at the 
station, to determine the total quantity of water which passes 
the station in any given time. (Observations on the gage height 


—. 
(=) 
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=t © oO 


| 
Area in square feet 
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may be made from two to three or more times a day, and in cases 
where the highest accuracy is desired a self-recording gage, such 
as described in Art. 34, should be installed for the purpose of 
getting a continuous record of the water height. 


When changes in the bed of a stream occur as the result of 
scouring during freshets, or from the formation of bars or other 
causes, new rating curves must be constructed, and care should 
always be taken to see that all of the water flowing down the 
stream passes the section at which measurements are made. 
If diversions past the point of gaging occur, or in case two or 
more channels are found during times of high water, proper 
allowances or new gagings should be made. 


As to the accuracy of the above described methods of gaging 
the discharge it may be said that with ordinary work, using rod 
floats, the discrepancies in results obtained under different con- 
ditions ought not to exceed ro percent; and with careful work, 
using current meters, they may often be of a higher degree of 
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precision. In any event the results derived from such gagings 
are more reliable than can be obtained by the use of any formula 
for the discharge of a stream. 


Prob. 131. A stream 140 feet wide is divided into seven equal parts, 
the six soundings being 1.9, 4.0, 4.8, 4.6, 2.7, and 1.0 feet. The seven veloci- 
ties as found by a current meter are 0.7, 1.6, 2.4, 3-5, 3-0, 1.4; and 0.6 feet 
per second. Compute the discharge. 


Art. 132. APPROXIMATE GAGINGS 


When the mean velocity v of a stream can be found, the dis- 
charge is known from the relation g = av, the area a being meas- 
ured as explained in the last article. An approximate value of 
v may be ascertained by one or more float measurements by means 
of relations between it and the observed velocity of the floats 
which have been deduced by the discussion of observations. Such 
measurements are usually less expensive than those explained 
in Art. 131, and often give information which is sufficient for the 
luquiry in hand. 

The ratio of the mean velocity v to the maximum surface 
velocity vm has been found usually to lie between 0.7 and 0.85, 
and about 0.8 appears to be a rough mean value. Accordingly, 

d= © Op 
from which, if v, be accurately determined, v can be computed 
with an uncertainty usually less than 20 percent. Many at- 
tempts have been made to deduce a more reliable relation be- 
tween v and vm. The following rule derived from the investiga- 
tions of Bazin makes the relation dependent on the coefficient c, 
the value of which for the particular stream under consideration 
is to be obtained from the evidence presented in the last chapter: 


vane 


It is probable, however, that the relation depends more on the 
hydraulic radius and the shape of the section than upon the degree 
of roughness of the channel, which c mainly represents. 


The influence of wind upon the surface velocities is so great 
that these methods of determining v may not give good results 


Approximate Gagings. Art. 132 333 


except in calm weather. A wind blowing up-stream decreases 
the surface velocities, and one blowing down-stream increases 
them, without materially affecting the mean velocity and dis- 
charge of the stream. 

The ratio of the mean velocity V in any vertical to its surface 
velocity V, is less variable, for it lies between 0.79 and 0.98, or 

V = 0.86 V, 
may be used with but an uncertainty of a few percent. If sev- 
eral velocities, Vi, V2, etc., are determined by surface floats, the 
mean velocities v1, v2, etc., for the several sub-areas a1, dz, etc., 
are known, and the discharge is g = a1v1 + v2a2 + etc., as before 
explained. 

By means of a sub-surface float, or by a current meter, the 
velocity V’ at mid-depth in any vertical may be measured. The 
mean velocity V in that vertical is approximately 

Vo="0103 V7 
In this manner the mean velocities in several verticals across 
the stream may be determined by a single observation at each 
point, and these may be used, as in Art. 131, in connection with 
the corresponding areas to compute the discharge. 

It was shown by the observation of Humphreys and Abbot 
on the Mississippi that the velocity V’ is practically unaffected 
by wind, the vertical velocity curves for different intensities of 
wind intersecting each other at mid-depth. However, if the 
law of variation of velocities in a vertical is represented by the 
parabola (Art. 129), it would seem that the intersection should 
be at about 0.6 of the depth. Hence the above should be used 
with caution. 

Since the maximum surface velocity is greater than the mean 
velocity v, and since the velocities at the shores are usually small, it 
follows that there are in the surface two points at which the velocity 
is equal tov. If by any means the location of either of these could be 
discovered, a single velocity observation would directly give the value 
of v. The position of these points is subject to so much variation 
in channels of different forms, that no satisfactory method of locat- 
ing them has yet been devised. 
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In cases where it is desired to construct an approximate discharge 
curve and where only a few discharge measurements have been made, 
the method indicated by Stevens * may be followed. From a cross-sec- 
tion of the stream the values of a-V7 in the Chezy formula q= ac Vrs 
may be determined for each gage height and a curve plotted. The 
discharge g then being known for several gage heights, it becomes pos- 
sible to determine a value for c Vs, which is nearly a constant, and 
the desired discharge curve can thus be approximated. 

Other methods of making approximate gagings consist in adding 
a solution of some chemical or salt to the water of the stream to be 
measured at some point where thorough mixing will occur. If the 
strength of the chemical solution and the rate of its application are 
known, and if samples of the water of the stream are taken above 
the point where the solution is introduced and down-stream after 
thorough mixing has occurred, the discharge of the stream is then 
equal to the number of times the chemical solution has been diluted by 
the water of the stream multiplied by the rate of application of the 
chemical. For example, if 2 quarts of a solution of common salt con- 
taining 10 ooo parts per million of chlorine be added each second to 
the stream and if a sample taken one-half a mile down-stream shows 
the chlorine to be 20 parts per million then the dilution has been 
10 000/20 or 500 and the discharge then is 500 X 2 quarts = 10co 
quarts per second. No account has here been taken of the chlorine 
naturally found in the water of the stream, and this must in all 
cases be allowed for. Stromeyer t+ has experimented in this manner 
with solutions of common salt and sulphuric acid. On small streams 
he found that the results agreed well with both the measurements of 
a weir and a Venturi meter, thus leading him to conclude that results 
correct within 1 percent can be obtained. This method has been 
used by Groat { for measuring the discharge of turbines. 


Benzenberg,§ in gaging the flow in a portion of the sewer system 
of Milwaukee where the sewer lay in a tunnel below the hydraulic 
gradient, injected a quantity of red eosine into the water at one end 
of the tunnel and observed its appearance at the other. He found 
that the color in the water was never distributed over a length 

* Engineering News, July 18, 1907. 

{{Proceedings, Institution of Civil Engineers, vol. 160. 

t Proceedings American Society of Civil Engineers, November, rors. 

§ Transactions American Society of Civil Engineers, December, 1893. 
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greater than 7 to 9 feet, and thus the mean velocity was determined 
with great accuracy. This experiment was of interest also in indi- 
cating the relatively small extent to which the particles of water in a 
given cross-section, such as that of a sewer, become separated from 
each other, even during a one-half mile journey. 

Prob. 182. A stream 60 feet wide is divided into three sections, having 
the areas 32, 65, and 38 square feet, and the surface velocities near the middle 
of these are found to be 1.3, 2.6, and 1.4 feet per second. What is the ap- 
proximate mean velocity of the stream and its discharge ? 


Art. 133. COMPARISON OF GAGING METHODS 


This chapter, together with those preceding, furnishes many 
methods by which the quantity of water flowing through an orifice, 
pipe, or channel may be determined. A few remarks will now be 
made by way of summary and comparison. 


The method of direct measurement in a tank is always the 
most accurate, but except for small quantities is expensive, and 
for large quantities is impracticable. Next in reliability and con- 
venience come the methods of gaging by orifices and weirs. An 
orifice one foot square under a head of 25 feet will discharge about 
24 cubic feet per second, which is as large a quantity as can 
usually be profitably passed through a single opening. A weir 
20 feet long with a depth of 2.0 feet will discharge about 200 cubic 
feet per second, which may be taken as the maximum quantity 
that can be conveniently thus gaged. The number of weirs may 
be indeed multiplied for larger discharges, but this is usually 
forbidden by the expense of construction. Hence, for larger 
quantities of water indirect measurements must be adopted. 


The formulas deduced for the flow in pipes and channels in 
Chaps. 8 and 9 enable an approximate estimation of their dis- 
charge to be determined when the coefficients and data which 
they contain can be closely determined. The remarks in Art. 
128 indicate the difficulty of ascertaining these data for streams, 
and show that the value of the formulas lies in their use in cases 
of investigation and design rather than for precise gagings. For 
pipes an accurately rated water meter is a convenient method of 
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measuring the discharge, while for conduits it will often be found 
dificult to devise an accurate and economical plan for precise 
determinations, unless the conditions are such that the discharge 
may be made to pass over a weir or to be retained in a large 
reservoir, the capacity of which is known for every tenth of a foot 
in depth. For large aqueducts, and for canals and streams, 
the usually available methods are those explained in this chapter. 
In the Catskill Aqueduct for the new water supply of New 
York City four Venturi meters of capacities up to about 800 
cubic feet per second have been introduced (Art. 38). 


Surface floats are not to be recommended except for rude 
determinations, because they are affected by wind and because 
the deduction of mean velocities from them is in many cases 
subject to much uncertainty. Nevertheless many cases arise in 
practice where the results found by the use of surface floats are 
sufficiently precise to give valuable information concerning the 
flow of streams. The double float for sub-surface velocity 
is used in deep and rapid rivers, where a current meter can- 
not be well operated on account of the difficulty of anchoring 
a boat. In addition to its disadvantages already mentioned may 
be noted that of expense, which becomes large when many ob- 
servations are to be taken. 


The method of determining the mean velocities in vertical 
planes by rod floats is very convenient in canals and channels 
which are not too deep or too shallow. The precision of a veloc- 
ity determination by a rod float is always much greater than that 
of one taken by the double float, so that the former is to be pre- 
ferred when circumstances will allow. In cases where the velocity 
is rapid, or where there are no bridges over the stream, rod floats 
may often give results more reliable than can be obtained by 
any other method. 


Current-meter observations are those which now generally 
take the highest rank for precision in streams where the condi- 
tions are not abnormal. The first cost of the outfit is greater than 
that required for rod floats, but if much work is to be done, it will 
prove the cheaper. The main objection is the difficulty of use 
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in cases. of high velocities and to the errors which may be intro- 
duced from the lack of proper rating; this is required to be done 
at intervals, since it is found that the relation between the velocity 
and the rccorded number of revolutions may change during use. 


In the execution of hydraulic operations which involve the meas- 
urement of water a method is to be selected which will give the highest 
degree of precision with given expenditure, or which will secure a 
given degree of precision at a minimum expense. Any one can build 
a road, or a water-supply system; but the art of engineering teaches 
how to build it well, and at the least cost of construction and main- 
tenance. Similarly the science of hydraulics teaches the laws of flow 
and records the results of experiments, so that when the discharge of 
a conduit is to be measured or a stream is to be gaged, the engineer 
may select that method which will furnish the required information 
in the most satisfactory manner and at the least expense. 

Prob. 133. Consult Humphreys and Abbot’s Physics and Hydraulics 
of the Mississippi River (Washington, 1862 and 1876), and find two methods 
of measuring the velocity of a current different from those described in the 
preceding pages. 


Art. 134. VARIATIONS IN DISCHARGE 


When the stage of water rises and falls, a corresponding in- 
crease or decrease occurs in the velocity and discharge. The 
relation of these variations to the change in depth may be approx- 
imately ascertained in the following manner, the slope of the 
water surface being regarded as remaining uniform: Let the 
stream be wide, so that its hydraulic radius is nearly equal to 
the mean depth d; then 

y=cvds = cs?d? 
Differentiating this with respect to v and d gives 
v/v = 4 dd/d 
Here the first member is the relative change in velocity when the 
depth varies from d to d+ Sd, and the equation hence shows that 
the relative change in velocity is one-half the relative change 1n 


depth. For example, a stream 3 feet deep, and with a mean 
velocity of 4 feet per second, rises so that the depth is 3.3 feet; 
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then do=4 X3 X0.3/3=0.2, and the velocity of the stream be- 
comes 4+ 0.2 =4.2 feet per second. 


In the same manner the variation in discharge may be found. 
Let 0 be the breadth of the stream, then 


q = chd Vids = cbs*d? 
and by differentiating with respect to q and d, 
89/q = 3 dd/d 


Hence the relative change in discharge is 14 times that of the 
relative change in depth. This rule, like the preceding, supposes 
that éd is very small, and will not apply to large variations in 
the depth of the water. 


The above conclusions may. be expressed as follows: If the 
mean depth changes 1 percent, the velocity changes 0.5 percent, 
and the discharge changes 1.5 percent. They are only true 
for streams with such cross-sections that the hydraulic radius 
may be regarded as proportional to the depth, and even for 
such sections are only exact for small variations in d and v. 
They also assume that the slope s remains the same after 
the rise or fall as before; this will be the case if a condition of 
permanency is established, but, as a rule, while the stage of 
water is rising the slope is increasing, and while falling the slope 
is decreasing. 


Gages for reading the stages of water are now set up on many 
rivers, and daily observations are taken. Such a gage is usually 
a vertical board graduated to feet and tenths and set if possible 
with its zero below the lowest known water level. Another form 
is the box-and-chain gage, which consists of a box fastened on a 
bridge with a graduated scale within it and a chain that can be 
let down to the water level; the length of the chain being known, 
the gage height can then he read from the scale if its zero is set 
so that the reading will be zero when the end of the chain just 
touches the water surface when it is at zero height. Such ob- 
servations of the daily stage of a river are of great value in plan- 
ning engineering constructions, and they are now made at many 
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stations by the United States government through the Depart- 
ment of Agriculture and the Geological Survey Bureau. 


When several measurements of the discharge of a stream have 
been made for different stages of water, a curve may be drawn 
to show the law of variation of discharge (Art. 131), and from 
this curve the discharge corresponding to any given stage of water 
may be approximately ascertained. Fig. 131) shows a typical 
discharge curve. Fig. 134 shows the actual discharge curve for 
the Lehigh River at Bethlehem, Pa., the ordinates being the 
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heights of the water level as read on the gage, and the abscissas 
being the discharges of the river in cubic feet per second; this is 
only a part of the discharge curve for that river, as the water has 
been known to rise to 22.5 feet and the corresponding discharge 
was over 100 000 cubic feet per second. Each station on a river 
has its own distinctive discharge curve, for the local topography 
determines the heights to which the water level will rise. 

Prob. 134. Astream of 4 feet mean depth delivers 800 cubic feet per sec- 


ond. What will be the discharge when the depth is decreased to 3.87 feet ? 
If the stream is 100 feet wide, what will be the velocity when the depth is 


4.12 feet? 
Art. 135. TRANSPORTING CAPACITY OF CURRENTS 


The fact that the water of rapid streams transports large 
quantities of earthy matter, either in suspension or by rolling it 
along the bed of the channel, is well known, and has already been 
mentioned in Art. 120. It is now to be shown that the diameters 
of bodies which can be moved by the pressure of a current vary 
as the square of its velocity, and that their weights vary as the 


sixth power of the velocity. 
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When water causes sand or pebbles to roll along the bed of a 
channel, it must exert a force approximately proportional to the 
square of the velocity and to the area exposed (Art. 27), or if d 
is the diameter of the body and C a constant, the force which is 
required to move it horizontally is 

F=Cd’v" 
But if motion just occurs, this force is also proportional to the 
weight of the body, because the frictional resistance of one body 
upon another varies as the normal pressure or weight. And as 
the weight of a sphere varies as the cube of the diameter, it follows 


eal P=Cd® or d=Cr 

Now since d varies as v°, the weight of the body, which is propor- 
tional to d?, must vary as 0°; which proves the proposition enun- 
ciated above. Hence an increase in velocity causes far greater 
increase in transporting capacity. 

Since the weight of sand and stones when immersed in water 
is only about one-half their weight in air, the frictional resistances 
to their motion are slight, and this helps to explain the circum- 
stance that they are so easily transported by currents of moderate 
velocity. It is found by observation that a pebble about one 
inch in diameter is rolled along the bed of a channel when the 
velocity is about 34 feet per second; hence, according to the above 
theoretical deduction, a velocity five times as great, or 173 feet 
per second, will carry along stones of 25 inches diameter. This 
law of the transporting capacity of flowing water is only an ap- 
proximate one, for the recorded experiments seem to indicate 
that the diameters of moving pebbles on the bed of a channel do 
not vary quite as rapidly as the square of the velocity. The law, 
moreover, is applicable only to bodies of similar shape, and 
cannot be used for comparing round pebbles with flat spalls. 
The following table gives the velocities on the bed or bottom of 
the channel which are required to move the materials stated. 
The corresponding mean velocities in the last column are derived 
from the empirical formula deduced by Darcy, 


v=v' +117 
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in which v’ is the bottom and v the mean velocity. The bottom 
or transporting velocities were deduced by Dubuat from experi- 
ments in small troughs, and hence are probably slightly less than 
the velocities which would move the same materials in channels 


of natural earth. 


Bottom Mean 
velocity velocity 


Clay, fit for pottery, 0.3 0.4 
Sand, size of anise-seed, 0.4 0.5 
' Gravel, size of peas, 0.6 0.8 
Gravel, size of beans, To) 1.6 
Shingle, about 1 inch in diameter, 2.5 Bes 
Angular stones, about 13 inches, 3.5 4.5 


The general conclusion to be derived from these figures is that 
ordinary small, loose earthy materials will be transported or rolled 
along the bed of a channel by velocities of 2 or 3 feet per second. 
It is not necessarily to be inferred that this movement of the 
materials is of an injurious nature in streams with a fixed regimen, 
but in artificial canals the subject is one that demands close at- 
tention. The velocity of the moving objects after starting has 
been found to be usually less than half that of the current.* 


In a silt-bearing stream there is a certain critical velocity Vo at 
which all silt already in suspension is carried on without being de- 
posited and at which no further silt is scoured from the sides and 
bottom. This velocity, according to the investigation of Kennedy, 
is given by Vo = md? where d is the depth of the stream and m is 
0.82 for light sandy silt, 0.99 for sandy loam, and 1.07 for coarse silt. 
Kennedy also found that the amounts of silt carried in the same 
stream varied with the square root of the fifth power of the veloci- 
ties, so that if « and xo are amounts carried at velocities V and Vo 
then x = x0 (V/ Vo)? When V is greater than Vo, then « — x0 is the 
amount of scour due to the change of velocity ; when V is less 
than Vo, then x») — is the amount of deposit due to the change of 


velocity. 


Prob. 135. In the early history of the earth the moon was half its 
present distance from the earth’s center, and the tides were about eight times 


* Herschel, on the erosive and abrading power of water, in Journal 


Franklin Institute, 1878, vol. 75, P- 330- 
+ Proceedings, Institution of Civil Engineers, vol. 119, 1894-95, Pp. 281. 
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as high as at present. It is supposed that these tides rolled over the low 
lands and moved great rocks from place to place. The greatest velocity 
of such a wave is x/gd, where dis the depth of the water. What is the prob- 
able weight and size of the largest rock that such a current would move ? 


Art. 136. INFLUENCE OF DAMS 


When a dam is built across a stream, it is often desired to 
compute its height so that the water level may stand at a given 
elevation. ‘Thus in the figures, CC represents the surface of the 
stream before the construction of the dam, the depth of the water 
being D, and it is required to find the height G of the dam so that 


y WY) MIE 
Fig. 136a. Fig. 1360. 


the water surface may be raised the vertical distance d. There 
are two cases, the first where the crest is above the original water 
level CC, and the second where it is below that level; in both 
cases the discharge g must be known in order to compute the height 
of the dam. 


When the crest is not submerged, as in Fig. 136a, it is seen that 
the value of G is D + d — H, where H is the head on the crest. 
Now from Art. 64 the value of g is mb(H + 14h)?, where b is the 
length of the crest and his the head due to velocity of approach. 
Hence there results 

G=D+d+14h—(g/mb)! (136), 
in which m is to be taken from Art.69. For example, let the 
discharge be 18 000 cubic feet per second, let the width of the 
stream above the dam be 600 feet, and the width on the crest 
be 525 feet; also let D and d be 8.5 and 6.0 feet, and let m be 
3.33. The mean velocity of approach is 


18 000 
=>S= Ch % f iE 
consent 2.1 feet per second 
whence the velocity-head is = 0.0155 X 2.17 = 0.07 feet. 


Then from the formula there results G = 9.9 feet. 
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When the dam is a low one its crest will be submerged. 
Here Fig. 136) gives H=D+d—G and H’=D-—G. 
Inserting these heads in formula (67)2, there is found 


G =D + 2d — 2¢/mbVd (136)s 


where the coefficient m lies between 3.09 and 3.37, depending 
on the value of H’/H, and as a mean 3.1 may be used. For 
example, let D = 4.0, d = 1.0, b = 50 feet, and g = 400 cubic 
feet per second; then G is found to be 2.95 feet. Now H’ and 
-H are 1.05 and 2.05 feet, whence H’/H = 0.51, and from Art. 
67‘ the value of m is 3.11, which shows that the assumed value 
3.1 is close enough. 


Another problem is to find the height d to which the water 
will rise when the dam is to be built to the height G. For the 
dam of Fig. 136a this is ; 


d = D+ (q/Mb)? — G — 13h (136) 
and for the submerged dam (Fig. 1360) it is found from 
di + 8(D — G)d' = q/Mb (186) 4 


In these M may be taken as about 3.3 for (136)s or about 
3.1 for (136)4, or closer values may be found from Arts. 69 and 
67. Example: for a submerged crest let D = 5.2, Gia 
b = 75 feet, and g = 500 cubic feet per second; then, taking 
M as 3.1, the solution of the cubic equation (136)4 gives d = 0.40 
feet. Here H = 2.40 and H’ = 2.0 feet, whence H' /H =o, 
and from Art. 67 a better value of mis 3.14. A second computa- 
tion now gives d = 0.39 feet. 

Prob. 136. For a submerged dam let D = 3.2, GS 2D, b= CO, 
q = 400 cubic feet per second. Compute the height d to which the water 
will rise. 


Art. 1364. BACKWATER DUE TO BRIDGE PIERS 


When bridge piers are built in a stream, its cross-section is 
diminished and the water surface up-stream from the bridge 
stands at a greater height than before. The most common 
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problem is to find how high the water will rise when the original 
width B is to be contracted to the width 0, the width of the pier 
being B — b. Let q be the discharge of the stream, D the depth 
of the water before the construction of the piers, and d the rise 
in the water level due to the piers (Fig. 1363). Regarding 
the section as rectangular, the original area is BD, the area 
where the water rises between the piers is bD, and that up- 
stream from the bridge is B(D + d). The area bD may be 
regarded as an orifice from which the water issues under the 
head d aided by the velocity of approach. Applying formula 
(50)3 to this case, A is to be replaced by B(D + d) anda by 8D, 
also fis to be replaced by d and g by BV2, where v is the mean 


Fig. 1363a. 


velocity of the stream before the construction of the piers; then 
(50)3 reduces to 


£=2(2)-2)) com 


which is a formula for the backwater rise d due to the obstruc- 
tion caused by the piers. 


In this formula c is a coefficient which takes account. of 
contraction and frictional losses as the water flows by the piers. 
There is a lack of definite knowledge regarding its proper values. 
It is, however, clear that the rise d must be zero when 5 equals 
B, and hence ¢ is 1.00 for this extreme condition. Also when 
b is very small compared with B, the case is roughly that of a 
small orifice, hence from the tables in Art. 47 it is concluded 
that the value of c is about 0.75 when b/B is o. Now, about 
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180 5, Funk made observations in the river Weser * from which 
it appears that c was 0.97 when b/B was 0.82. From these 
three conditions there is found the formula 


¢ = 0.75 +.0.35(b/B) — 0.10(b/B)? (1363) 


Unfortunately Funk’s observations were not very precise and 
hence this expression for c¢ can be regarded as approximate 
only. Experiments for determining c are much needed and 
such might readily be made in the hydraulic laboratories of 
engineering colleges. 


To use the formula (1363)! it is best at first to take d as zero in 
the second member and then compute. The value found for d is 
then to be inserted in the second member and a recomputation be 
made. Por example, let B = 167.4, b = 140.2, and D = 10.0 feet; 
also let the mean velocity in the uncontracted section be 3.20 feet 
per second, whence v?/2g = 0.159 feet. Here 6/B = 0.891 and from 
(1363) there is found ¢ = 0.982. Then, taking d as zero in the 
second member of (136})1, the first computation gives d = 0.049 
feet. Inserting this in the second member and recomputing there 
is found d = 0.050 feet, while a third computation gives essentially 
the same value. Hence the probable backwater rise in this case may 
be put at 0.05 feet. 


Numerous formulas have been deduced for the backwater rise 
due to bridge piers, but they are all more or less defective, so that 
computed values should be regarded as approximations liable to some 
uncertainty, unless based on coefficients which have been determined 
by observations applicable to the case in hand. The above formula 
(1361), was deduced by W. R. Hutton in 1882,} although it had been 
previously used in a slightly different form by Bresse and D’Aubission, 
it is well that it should be called Hutton’s formula in honor of a dis- 
tinguished American engineer. 


The above formulas refer to a rectangular section. To 
extend them so as to cover actual sections of rivers, let A be 
the original uncontracted area, a the contracted area, and A; the 


* Lehren der Hydrotechnik (Berlin, 1820), p. 131. 
+ Transactions American Society of Civil Engineers, 1882, p. 240. 


344 Chap. 10. The Flow of Rivers 


enlarged area up-stream from the bridge. Then by similar 
reasoning as before, there is"found for the probable backwater 
rise caused by the obstruction of the piers, 


; yz A 2 (4 )) 
ea 
in which A; may usually be replaced by A + Bd, where B’is 
the surface width. Also 


c = 0.75 +0.35(a/A) — 0.10(a/A)? 


seems the most probable expression now available for the 
coefficient in this general case. 


The shape of the pier influences the degree of contraction and 
hence modifies the value of the coefficient c. In Fig. 18635 are shown 


| | | | 
Fig. 1363). 


three piers A, B, C, having their sides parallel to the direction of 
the current. Here, from the established laws regarding the coefficient 
of discharge for orifices and sluices, it is clear that ¢ should be larger 
for B and C than for A. At D is a skew pier where it might be 
thought that the area of obstruction is that projected on a plane 
normal to the current; this cannot be the case, since the dynamic 
pressure which causes the backwater rise is less for the actual inclined 
side of the pier than for such a projection (Art. 154). Experiments 
are much needed in order to ascertain values of c for piers of different 
shapes. According to Navier c is 0.85 for piers with square ends 
like A, 0.90 for piers like C when the angle at the front is obtuse, and 
0.95 for piers with semi-circular ends like B, or piers like C when the 
front angle is acute. But these results should evidently be modified 
for the ratio of a to A. 


Prob. 1363. Arriver 940 feet wide has a depth of 18.4 feet, and a mean 
velocity of 5.8 feet per second. Three piers, each 12 feet wide, are to be built 
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across it. Compute the probable rise of backwater caused by the piers. 
Compute also the probable rise during a flood which increases the mean depth 
to 18.5 feet and the mean velocity to 5.8 feet per second. 


Art. 1387. STEADY NON-UNIFORM FLOW 


In Arts. 112-183 the slope of the channel, its cross-section, 
and its hydraulic radius have been regarded as constant. If 
these are variable in different reaches of the stream, the case is 
one of non-uniformity, and this will now be discussed. The flow 
‘is still regarded as steady, so that the same quantity of water 
passes each section per second, but its velocity and depth vary 
as the slope and cross-section change. Let there be several 
reaches J, 2, «+: Jn, which have the falls M4, m, --- h,, the water 
sections being @, dz, «+ Gn, the hydraulic radii 71, 7, --- 7n, and 
the velocities v1, v2, --: Um. The total fall a +m+ - thn 
is expressed by h. Now the head corresponding to the mean 
velocity in the first section is 1:°/2g. The theoretic effective head 
for the last section is h + 0,2/2g, while the actual velocity-head 
is v,2/2g. The difference of these is the head lost in friction; 
or by (125), 


h ais V2 Be Dee = hv? Jy03” oe a Lath 


2g 2g Cr1C2"P2 Cnn 


in which cy, C22, -: Cn? are the Chezy coefficients for the dif- 
ferent lengths. Now let qg be the discharge per second; then, 
since the flow is steady, the mean velocities are 


‘= ¢G/a Uy, = Q/d2 -* Mn = G/An 


and, inserting these in the equation, it reduces to 


Lil Ore! of ie by l, is iA ) 

oe : (a: at Cauca * Gar, 
which is a fundamental formula for the discussion of steady flow 
through non-uniform channels. This formula shows that the dis- 
charge g is a consequence not only of the total fall # in the 
entire length of the channel, but also of the dimensions of the 
various cross-sections. The assumption has been made that a 
and r are constant in each of the parts considered ; this can be 
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realized by taking the lengths h, 2, --: Jn sufficiently short. If 
only one part be considered in which a and ¢ are constant, dp and 
a, are equal, all the terms but one in the second member disappear, 
and the last equation reduces to g = Ca Vrh/l,which is the Chezy 
formula for the discharge in a channel of uniform cross-section. 


An important practical problem is that where the steady flow 
is non-uniform in a channel having a bed with constant slope, a 
condition which may be caused by an obstruction below the part 
considered or by a sudden fall below it. Let a and az be the 
areas of the two sections, / their distances apart, and 2 and 2% 
the mean velocities. Then, if @ and 7 be average values of the 
areas and hydraulic radii of the cross-sections throughout the 
length 7, the last formula becomes 


Pea) Rta! 2 ) 

t a eee 

Now the important problem is to discuss the change in depth 
between the two sections. For this purpose let A,A, in Fig. 137 
be the longitudinal profile of the 
water surface, let A,D be hori- 
zontal, and A,C be drawn parallel 
to the bed B,B,. The depths 
A,B, and A,B, are represented 
by dy and d:, the latter being 
taken as the larger. Let be the 
constant slope of the bed B,;B,; then DC = il, and since DA, =h 
and A,C = d, — d,, there is found for the fall in the length J, 


Inserting this value of / in the preceding equation and solving 
for J, there is obtained the important formula 


(4-4) -£( 4) 
i= = 


ay a2” (137), 
t=O CaF 

from which the length / corresponding to a change in depth d, — dy 

can be approximately computed. This formula is the more 


accurate the shorter the length /, since then the mean quantities 
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a and r can be obtained with greater precision, and c is subject 
to less variation. 


The inverse problem, to find the change in depth when / is 
given, cannot be directly solved by this formula, because the areas 
are functions of the depths. When d, — d;is small compared with 
either d, or dy, it is allowable to regard d, as equal to d; when they 
are to be added or multiplied together. Hence 


I il _ a?—a? Od de ms (dz + d,) (dy — d;) hd 2(d.—d,) 
ata? bded,? bed, bd, 


also making @ equal to a, and r equal to d; in the last formula, 
and solving for d, —d;, there is found 
ds =a dy 1 g?/c*b"dy3 
= if 
l tg) ea, (137): 
from which the change in depth can be computed when all the 
other quantities are given. 


Fig. 137 is drawn for the case of depth increasing down- 
stream, but the reasoning is general and the formulas apply 
equally well when the depth decreases with the fall of the stream. 
In the latter case the point A» is below C, and d, — d, will be 
negative. As an example, let it be required to determine the 
decrease in depth in a rectangular conduit 5 feet wide and 333 feet 
long, which is laid with its bottom level, the depth of water at 
the entrance being maintained at 2 feet, and the quantity sup- 
plied being 20 cubic feet per second. Herel = 333,b = 5, a1 = 2, 
q = 20,andi=o. Taking c = 89, and substituting all values 
in the formula, there is found d,;—d; = —0.09 feet ; whence d; = 
1.91 feet, which is to be regarded as an approximate probable 
value. It is likely that values of d& — d: computed in this 
manner are liable to an uncertainty of 15 or 20 percent, the longer 
the distance J the greater being the error of the formula. In 
strictness also c varies with depth, but errors from this cause 
are small when compared to those arising in ascertaining its 
value from the tables. 

Prob. 137. Explain why formula (137)2 cannot be used for the above 
example when the slope 7 is 0.01. 
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Art. 138. THE SURFACE CURVE 


In the case of steady uniform flow, in the channel where the 
bed has a constant grade, the slope of the water surface is paral- 
lel to that of the bed, and the longitudinal profile of the water 
surface is a straight line. In steady non-uniform flow, however, 
the slope of the water surface continually varies, and the longi- 
tudinal profile is a curve whose nature is now to be investigated. 
As in the last article, the width of the channel will be taken as 
constant, its cross-section will be regarded as rectangular, and 
it will be assumed that the stream is wide compared to its depth, 
so that the wetted perimeter may be taken as equal to the width 
and the hydraulic radius equal to the mean depth (Art. 112). 
These assumptions are closely fulfilled in many canals and rivers. 


The last formula of the preceding article is rigidly exact if 
the sections a; and a2 are consecutive, so that 7 becomes &J and ° 
d, — d, becomes 6d. Making these changes, 


od _i-—¢?/cb'd 
ob- 1 = q?/ eb7a* 


(138) 


in which d is the depth of the water at the place considered. This 
is the general differential equation of the surface curve, / being 
measured parallel to the bed BB, and d upward, while the angle 
whose tangent is the derivative 6d/8 is also measured from BB. 


To discuss this curve, let CC be the water surface if the slope 
were uniform, and let D be the depth of the water in the wide 


Fig. 1384. Fig. 138). 


rectangular channel. The slope s of the water surface is here 
equal to the slope z of the bed of the channel, and from the Chezy 
formula (113), 

g=av=cbD Vri=cbDVDi 
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This value of qg, inserted in the differential equation of the sur- 
face curve, reduces it to the form, 


bd _ ;2 —(D/d)8 
A ag -F (0/4 (138). 


in which d and / are the only variables, the former being the ordi- 
nate and the latter the abscissa, measured parallel to the bed BB, 
of any point of the surface curve. The derivative 6d/d/ is the 
tangent of the angle which the tangent at any point of the sur- 
face curve makes with the bed BB or the surface CC. 


First, suppose that D is less than d, as in Fig. 138a, where 
AA is the surface curve under the non-uniform flow, and CC is 
the line which the surface would take in case of uniform flow. 
The numerator of (138) is then positive, and the denominator 
is also positive, since i is very small. Hence 6d is positive, and 
it increases with d in the direction of the flow; going up-stream 
it decreases with d, and the surface curve becomes tangent to (AC. 
when d = D. This form of curve is that usually produced above 
a dam; it is called the “backwater curve,” and will be discussed 
in detail in Art. 140. 

Second, let d be less than D, as in Fig. 138). The numerator 
is then negative and the denominator positive; 6d is accordingly 
negative and AA is concave to the bed BB, whereas in the former 
case it was convex. This form of surface curve is produced when 
a sudden fall occurs in the stream below the point considered ; 
it is called the “drop-down curve” and is discussed in Art. 141. 


Formula (138); may also be put into another form by substi- 
tuting for q its value bdv, where v is the mean velocity in the cross- 
section whose depth is d. It thus becomes 

o¢_ gg vcd (138), 

VEN le EN 
and by its discussion the same conclusions are derived as before. 
When 2 is equal to c V di, the inclination 6d /81 becomes zero, and 
the slope of the water surface is parallel to the bed of the stream. 
When 2 is less than ¢ Vdi, the numerator is negative, and if the 
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denominator is also negative, the case of Fig. 138a results. When 
v is greater than c di and the denominator is negative, the case of 
Fig. 138 obtains. When v equals Ved, the value of 8d/8 is 
infinity and the water surface stands normal to the bed of the 
stream; this remarkable case can actually occur in two ways, 
and they will be discussed in Art. 139. 

Prob. 138. Let the velocity of the stream be 20 feet per second, the 


value of c be 80, and the slope be 1 on 2000. Compute values of 64/8. 
for depth of 12.2, 12.3, 12.4, 12.5, and 12.6 feet ; then draw the surface curve. 


Art. 1389. THE JuMP AND THE BORE 


A very curious phenomenon which sometimes occurs in shallow 
channels is that of the so-called “jump,” as shown in Fig. 139a. 
This happens when the denomi- 
—____,_ fi = nator in (138)3 is zero; then 84/8! 
a > is infinite, and the water surface 
LL LZ. zz, stands normal to the bed. Plac- 
ing that denominator equal to 
zero, there is found v? = gd. Now 
by further consideration it will appear that the varying denomi- 
nator in passing through zero changes its sign. Above the jump 
where the depth is d, the velocity is slightly greater than V gdi, 
and below it is less than gd. The conditions for the occurrence 
of the jump are that an obstruction should be in the stream below, 
that the slope z should not be small, and that the velocity 2% 
should be greater than Vgd,. To find the necessary slope, the 
algebraic conditions are 


n=cWVdi and 0%, > Ved, whence i>g/c? 


and accordingly the jump cannot occur when is less than 2/C, 
For an unplaned planked trough c may be taken at about 100 ; 
hence the slope for this must be equal to or greater than 0.00322, 


To find the depth dz when d; and 9; are given, it will be 
assumed that the bed of the channel is horizontal, and that there 
are no frictional losses between the sections d, and dz; then 


The Jump and the Bore. Art. 139 351 


where the first member is the total head in the section d; and the 
second is that in de. Inserting for ve its equivalent 21d1/d2, 
letting # represent the velocity-head v1?/2g, and solving the equa- 


tion for dz, gives do= sh Vh(di++4h) (139) 


which is the formula first deduced by Belanger. The following is 
a comparison of the computed depths dz with those observed by 
Bidone in 1818 for four experiments, d; being in feet and 2 in 
feet per second, g being taken as 32.19 feet per second per second 
for Paris, where Bidone made the experiments: 


Velocity Observed di Observed d2 Computed dz 
4.47 0.155 0.423 0.424 
4.59 0.149 0.423 0.438 
5-59 0.208 0.613 0.642 
6.39 0.242 0.764 0.811 


It is seen that the computed values are all greater than those 
observed, which should be the case, as frictional resistances have 
been neglected, but on the whole the agreement is fair. Ex- 
periments made at Lehigh University in 1894 show also a fair 
agreement between computed and observed values.* The depths 
in these experiments were less than in those of Bidone, but higher 
relative jumps were obtained. For instance, for 71 =4.33 feet per 
second and d; =0.038 feet, the observed value of dz was 0.167 feet, 
but the value computed from the above formula 1S 0.177 leet, 
here the height of the jump d2—d, is more than three times the 
depth di, while it is usually about twice d, in the above records 
from Bidone. Again for 11=3.56 feet per second and d;=0.036 
feet in the Lehigh experiments, the observed value of dz was 
0.153 feet, while the computed value is 0.147 feet. 


Another remarkable phenomenon is that of the so-called 
“ bore,” where a tidal wave moves up a river with a vertical front. 
It is also seen when a large body of water moves down a cafion 
after a heavy rainfall, or when a reservoir bursts and allows a 
large discharge suddenly to escape down a narrow valley. In the 
great flood of 1889 at Johnstown, Pa., such a vertical wall of water, 


* Engineering News, 1895, vol. 34, p. 28. 
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variously estimated at from 10 to 30 feet in height, was seen to 
move down the valley, carrying on its front brush and logs mingled 
with spray and foam.* In 41 minutes it traveled a distance of 

13 miles down the descent of 380 feet. 
The velocity was hence about 28 feet 
per second. 


Fig. 139) shows the form of surface 
curve for this case, and by reference to 
(138); it is seen that $d/8/ must be negative and that it has 
the value oo at the vertical front. The conditions for the occur- 
rence of the bore then are 


v=Ved and v>cVdi whencei<g/c? 


For the Johnstown flood, taking v as 28 feet per second, the value 
of d found from this equation is 24 feet; it was probably greater 
than this in the upper part of the valley and less in the lower 
part. Since the value of 7 is about 1/180, it follows that c must 
have been less than 76. The conditions here established show 
that the flood bore will occur when the velocity becomes equal 
to V gd, provided c is less than V 9/i. It appears, therefore, that 
roughness of surface is an essential condition for the formation 
of the bore in a steep valley. 


Wy 
Fig. 139d. 


The bore can also occur in a canal with horizontal bed when a lock 
breaks above an empty level reach, provided v becomes equal to WV ed. 
No case of this kind appears to be on record, and there seems to be no 
way of ascertaining whether the actual velocity will reach the limit 
~V/gd. If the bore occurs and the depth of the vertical wall be dg, its 
distance from a point where the depth is d, is found from (139), by 
inserting in it the value of g corresponding to the critical velocity v. 
Thus may be shown that for c = 80 and d, =4d, the length / is 275d). 


The tidal bore, which occurs in many large rivers when the tide 
flows in at their mouths, obeys similar laws. Here the slope i may be 
taken as zero, while c is probably very large, so that roughness of sur- 
face is not an essential condition. The great bore at Hangchow, 
China, which occurs twice a year, is said to travel up the river at a rate 
of from to to 13 miles per hour, the height of the vertical front being 


* Transactions American Society of Civil Engineers, 1889, vol. 21, p 564. 
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from 10 to 20 feet.* From v = V gh, the velocity corresponding to a 
depth of 10 feet is 12.6 miles per hour, while that corresponding to a 
depth of 20 feet is 17 miles per hour, so that the statements have a fair 
agreement with the theoretical law. This investigation indicates that 
the velocity of the tidal bore depends mainly upon the depth of the 
tidal wave above the river surface, but it may be noted that other 
discussions} regard the depth of the river itself as an element of impor- 
tance, and Art. 191 considers this with respect to common waves. 

Prob. 139. When the height of the jump is three times the depth d1, 
‘show that the velocity 7; must be aV/ 2edk. Also show that 0.414d; is the 
minimum height of a jump. 


Art. 140. THe BACKWATER CURVE 


When a dam is built across a channel the water surface is 
raised for a long distance up-stream. This is a fruitful source 
of contention, and accordingly many attempts have been made 
to discuss it theoretically, in order to be able to compute the 
probable increase in depth at various distances back from a pro- 
posed dam. None of these can be said to have been successful 
except for the simple case where the slope of the bed of the channel 
is constant and its cross-section such that the width may be re- 
garded as uniform and the hydraulic radius be taken as equal to 
the depth. These conditions are closely fulfilled for some streams, 
and an approximate solution may be made by the formula (137). 


It is desirable, however, to obtain an exact equation of the sur- 


facecurve. __ 

For this purpose take the differential equation of the surface curve 
given in (138)2, and let the independent variable d/D be represented 
by «. Then it may be put into the more convenient form 

ae ivepeae ss (140); 
Ov? ieee F 
in which / is the abscissa and Dx the ordinate of any point of the curve. 
The general integral of this is 


a= Gaae typ arc cot sas \+6 
j g /\6 V3 


i i (¢—1)? WV3 


* Skidmore’s China, the Long-lived Empire (New York), 1909, p- 294. 
¢ G.H. Darwin, The Tides, p. 65 ; Century Magazine, vol. 34, P- 9°3- 
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which is the equation of the surface curve, C being the constant of 
integration. To use this let the logarithmic and circular function 
in the second parenthesis of the second member be designated by 


$(x) or $(d/D), namely, 
tee eis Eee rene Pee Mea aa 


(x) = 9(4/D) = Glog. aE 


Then the above value of / may be written 


Dx pee d 
ee yale ) ( ) ne 
4 eg ? D 
Now let d, be the depth at the dam and let / be measured up-stream 


from that point to a section where the depth is d;. Then, taking the 
integral between these limits the constant C disappears, and 


bade aG)-B)] 0 


which is the practical formula for use. In like manner d, may repre- 
sent a depth at any given section and d, any depth at the distance / 
up the stream. 


When d= D, the depth of 
the backwater becomes equal to 
that of the previous uniform 
flow, x is unity, and hence 7 is 
infinity. The slope CC of uni- 
form flow is therefore an asymptote to the backwater curve. Accord- 
ingly the depth d,; is always greater than D, although practically 
the difference may be very small for a long distance J. 


In the investigation of backwater problems by the above formula 
there are two cases: first, d, and d, may be given and_/is to be found; 
and second, / and one of the depths are given and the other depth is 
to be found. To solve these problems the values of the backwater 
function ¢(d/D) computed by Bresse are given in Table 140.* The 
argument of the table is D/d, which, being always less than unity, 
is more convenient for tabular purposes than d/D, since the values of 
the latter range from 1 to «. By the help of Table 140 practical 


problems may be discussed and the following examples will illustrate 
the method of procedure. 


* Bresse’s Mécanique appliqués (Paris, 1868), vol. 2, p. 556. 
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TABLE 140. VALUES OF THE BACKWATER FUNCTION 


OH HH HH HHH HHH HH 
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A stream of 5 feet depth is to be dammed so that the water shall 
be ro feet deep a short distance up-stream from the dam. The uni- 
form slope of its bed and surface is 0.000189, or a little less than one 
foot per mile, and its channel is such that the coefficient c is 65. It 
is required to find at what distance up-stream the depth of water is 
6 feet. Here D = 5, d, = 10, d, = 6 feet, 1/7 = 5291, and Cte 
131. Now D/d, = 0.5, for which the table gives $(d,/D) = 0.1318, 
and D/d,; = 0.833, for which the table gives $(d,/D) = 0.4792. 
These values inserted in (140), give 


1 = s2gt(10 — 6) +5(5201 — 131) (0.4792 — 0.1318) 


from which / = 30 125 feet = 5.70 miles. In this case the water is 
raised one foot at a distance 5.7 miles up-stream from the dam. 


The inverse problem, to compute d, or d,, when one of these and 
] are given, can only be solved by repeated trials by the help of Table 
140. For example, let 7 = 30 125 feet, the other data as above, and 
let it be required to determine d, so that d, shall be only 5.2 feet, or 0.2 
greater than the original depth of 5 feet. Here D/d, = 0.962, for 
which the table gives $(d,/D) = 0.9709. Then (140). becomes 


30 125 = 5291(d2— 5.2) + 25 800[0.9709 — $(d2/D)] 
which is easily reduced to the simpler form 


32 590 = 5291 dz — 25 800 $(d2/D) 


Values of d, are now to be assumed until one is found that satisfies 
this equation. Let d, = 8 feet, then (D/d,) = 0.625 and, from the 
table, $(d,/D) = 0.2180; substituting these, the second member be- 
comes 36 700, which shows that the assumed value is too large. Again, 
take dz: = 7 feet, then D/d, = 0.714, for which $(d,/D) = 0.3047, 
whence the second member is 29 200, showing that 7 feet is too small. 
If d, = 7.4 feet, then D/d, = 0.675 and $(d,/D) = 0.2629, and with 
these values the equation is nearly satisfied, but 7.4 is still too small. 
On trying 7.5 it is found to be too large. The value of d, hence lies 
between 7.4 and 7.5 feet, which is'as close a solution as will generally 
be required. The height of dam required to maintain this depth may 
now be computed from Art. 136. 


If the slope, width, or depth of the stream changes materially, 
the above method, in which the distance / is measured from the dam 
as an origin, cannot be used. In such cases the stream should be di- 
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vided into reaches, for each of which the slope, width, and depth can 
_ be regarded as constant. The formula can then be used for the first 
reach and the depth of its upper section be determined ; then the ap- 
plication can be made to the next reach, and so on in order. For com- 
mon rivers and for shallow canals it will probably be a good plan to 
determine D by actual measurement of the area and wetted perimeter 
of the cross-section, the hydraulic radius computed from these being 
taken as the value of D. Strictly speaking, the coefficient c varies with 
the slope and with D, and its values may be found by Kutter’s for- 
mula, if it be thought worth the while. Even if this be done, the results 
of the computations must be regarded as liable to considerable un- 
certainty. In computing depths for given lengths an uncertainty of 
10 percent or more in the value of d:—d; should be expected. 


The following method of computation is readily applicable to 
cases of backwater and gives results which are often sufficiently 
satisfactory. The distance / between two sections does not ap- 
pear in the formulas, but it is essential that this distance shall 
be small enough so that the water surface between them may be 
regarded as a straight line. In some streams the distance apart 
of sections may be as high as rooo feet, in others smaller. Let 
Fig. 1405 represent the 
case of a stream where 
an obstruction, which 
is some distance down- 
stream from the sta- 
tion M, causes a rise of 
the original surface. 
At the several stations 
M, N, P,Q, R, etc., elevations of the original surface above 
a datum plane are taken. A cross-section of the stream is also 
made at each station, the levels being extended upward on the 
banks so that for any water. level the area a and the wetted 
perimeter p may be ascertained from a drawing. At the first 
station M the elevation of the backwater is known, it being 
either assumed or computed from Art. 136. The problem 
then is to determine the elevation of the backwater at each of 


Fig. 1400 


the stations up-stream from M. 
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Fig. 140c shows on a larger scale the profile between M and 
N and also the two cross-sections at M which are drawn from 
the given data. In this diagram the elevations of Mi, Mz, and My 
are known, and it is required to find that of Ny. Let a and a 


Ne 


M1¥ 


denote the areas of the cross-section at M, the first for the original 
flow and the second for the backwater, and let p; and 2 be the 
corresponding wetted perimeters. Let 4 be the known difference 
of the elevations of M, and Nj, and /) the unknown difference 
of the elevations of Mz and N»2. Then the formula 


I, = hy UL (140), 
ay°Pi 

determines /, and accordingly the elevation of Ny is known. This 
formula expresses the condition that the same quantity of water 
flows through the cross-sections a and a, and it is deduced as 
follows. The mean discharges in these two sections are, from the 
Chezy formula, cya; Vrs; and cya, Vro50. Equating these, re- 
placing 7 and ~ by a/p; and a»/f2, squaring, and making the 
coefficients c, and Cc, equal, gives the equation s,a,3/ Di = S2do8/ po. 
Now s; = yl and s; = hel where J is the distance between the two 
sections. Hence Ma;3/p, = hya,3/ pe, from which the above for- 
mula (140); at once results. 


As an example, take the case of four stations on Coal River, 
W.Va., data for the original water surface being as follows: 


Station = M N 2 Q R 
Elevation =10.05 11.53 11.95 13.44 14.30 ft. 
Rise hy TAS OrA 2 Sete GEOLO Ratt: 
Area @1= 3034 3012 3210 2749 2340 sq. ft. 
Perimeter i= 255 260 280 204 92 ft. 
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and let it be required to find the elevations of the backwater sur- 
face when an obstruction down-stream from M raises the water 
to elevation 12.05 at M2. Drawing the water level in the cross- 
section at M, there are found a, = 3533 square feet and p2 = 260 


ian ip), g 3034 < 260 _ 


Fee Gee 0.95 feet, 
and hence the elevation at N2 is 12.05 + 0.95 = 13.00 feet. For 
this water-level the cross-section for station NV gives 3390 square 
‘feet area and 264 feet wetted perimeter for the backwater condi- 
tion. Then the backwater rise at station P is 

hy, = Bip eee = 0.30 feet, 

3390° X 264 
which gives 13.30 feet for the elevation of the backwater surface 
at P. The results for the five stations are arranged as follows, 
the last line showing the required elevations of the backwater 
surface: 


Station = Ay N I Q R 

Area a2= 3533 3390 3580 2940 2492 sq. ft. 
Perimeter 2 = 260 264 286 209 197 ft. 
Rise h2= COR O8© Tue Ckleiii 
Elevation =12.05 13.00 13.30 14.40 15.20 ft. 


While there are several assumptions and limitations in this 
method, it does not appear that they introduce more error than 
that which obtains when the formula (140). is applied to a stream 
of irregular section. By the exercise of much judgment in select- 
ing the stations, and by taking the data for a cross-section as 
the mean of several on both sides of a station, it is believed that 
the method can be used with much confidence in all cases where 
extreme conditions do not obtain. If the Chezy coefficients at a 
station can be found, then the formula (140); may be written in 
the more exact form 


Ip = Iy C?ay° fo /Co?a2* pr (140), 


Prob. 140. A stream, having a cross-section of 2400 square feet and 
a wetted perimeter of 300 feet, has a uniform slope of 2.07 feet per mile, and 
its channel is such that c = 70. It is proposed to build a dam to raise the 
water 6 feet above the former level, without increasing the width. Compute 
the rise of the backwater at a distance of one mile up-stream. 


360 - Chap. 10. The Flow of Rivers 


Art 141. THe Drop-DOWN SURFACE CURVE 


When a sudden fall occurs in a stream, the water surface for a long 
distance above it is concave to the bed, as seen in Fig. 1380 or in Fig. 
141. This case also occurs when 
the entire discharge of a canai is 
allowed to flow out through a fore- 
bay F to supply a water-power 
plant. Let D be the original uni- 
form depth of water having its 
surface parallel to the bed, the 
slope of both being 7. Let di and 
d, be two of the depths after the steady non-uniform flow has been 
established by letting water out at F, and let d, be greater than do, the 
distance between them being /. The investigation of the last article 
applies in all respects to this form of surface curve, and 


oe GNM te] eee 


is the equation for practical use, in which c is the coefficient in the 
Chezy formula » = cVrs, and g is the acceleration of gravity. Table 
140 cannot, however, be used for this case because d/D in that table 
is greater than unity, while here it is less than unity. 


The function ¢(d/D) with values of d/D less than unity is here 
called the “drop-down function,” in order to distinguish it from the 
backwater function of the last article, although the algebraic expression 
for the two functions is the same. Table 141, due also to Bresse, 
gives values of this drop-down function for values of the argument 
d/D, ranging from 0 to 1, and by its use approximate solutions of prac- 
tical problems can be made. For example, take a canal 10 feet deep, 
having a coefficient c equal to 80, and let the slope of its bed be 1/5000 
and its surface slope be the same when the water is in uniform flow. 
Here D = 10 feet, c?/g = 200, and 1/i = sooo. Then 


= — 5000(d; — dy) + 48 cog #2) —¢ Al 


Now suppose that a break occurs in the bank of the canal out of which 
rushes more water than that delivered in normal flow when the depth 
is 10 feet, and let it be required to find the distance between two points 
where the depths of water are 8 and 7 feet. Here di/D = 9.8, for which 


Fig. 141. 
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TABLE 141. VaLurs orf THE Drop-DOWN FUNCTION 


362 Chap. 10. The Flow of Rivers 


$(di/D) = 0.3459, and d2/D. = 0.7, for which $(d2/D) = 0.1711. In- 
serting these values in the equation, there is found / = 7890 feet. 

In this case there is a certain limiting depth below which the above 
formula is not valid. This limit is the value of x for which &/éx 
becomes zero or the value of x where the surface curve is vertical and 
the bore occurs (Art. 139). From (140): this happens when 


07) CeOL d = D(c%i/g)* 


and for the above example this limiting depth is found to be 3.4 feet. 
Near this limit, however, the velocity becomes large, so that there is 
much uncertainty regarding the value of the coefficient c. 


When a given discharge per second is taken out of a forebay at gins 
end of a canal having its bed on a slope 7, the above formula must be 
modified. Let g be the discharge and let D: be the depth at a section 
where the slope is s, then g equals cbD: V Ds. If this value of g be sub- 
stituted in the equation (138): and then the same reasoning be followed 
as at the beginning of Art. 140, it will be found that formula (141) 
will apply to this case if D:(s/i)} be used instead of D. For example, 
let g = 3000 cubic feet per second, Di = 10 feet, 7 = 1/10 000, C = 8o, 
and the width b = too feet. Then i 

S/O Dy = 1) 7500 D= Di(s/i)? = 11.2 feet. 
Now if it be required to find the distance between two points where the 


depths of water are 10 and 9 feet, formula (141) can be directly applied, 
and accordingly there is found, by the help of Table raz, 


1= —10 000(10—9) +109 800(0.578—0.355) =14 400 feet, 


and hence a forebay admitting the given discharge will not draw down 
the water to a depth less than 9g feet if it be located 14 400 feet down- 
stream from the section where the mean depth is 10 feet. 

Navigation canals are often built with the bed horizontal between 
locks, and here i=o. The above formula cannot be applied to this 
case because the differential equation (138)2 vanishes when 7 is zero. 
To discuss it, equation (138)1 must be resumed, and, inverting the same 

oe CPI C | 
bd gt Ne 


The integration of this between the limits di and dz gives 


®) 


ane Ce 
pee dai) — "(ds — ds) (141). 
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from which 7 may be computed when q is known. As an example, 
take a rectangular trough for which g = 20 cubic feet per second, 
b = 5 feet, c = 80, and let di = 2.00 feet and d@ = 1.91 feet. Then 
from the formula / is found to be 317 feet. This is the reverse of the 
example at the end of Art. 137, where 7 was given as 333 feet, so that 
the agreement is very good. 


To compare a canal having a level bed with the one previously 
considered, the same data will be used, namely, di = ro feet, dy = 9 
feet, b = too feet, c = 80, and g = 3000 cubic feet per second. Then 
from (141): there is found 


1 = 1.778(10* — 94) — 200(10 — 9) = 5920 feet, 


and accordingly the water level is drawn down in one-third of the dis- 
tance of that of the previous case. The quantity of water that can be 
obtained from a navigation canal is always less than from one having 
a sloping bed, and it has frequently happened, when such a canal is 
abandoned for navigation purposes and is used to furnish water for 
power or for a public supply, that the quantity delivered is very much 
smaller than was expected. 


The method of computation explained at the end of Art. 140 
may be used also to determine the drop-down curve. Referring 
to Fig. 1405 the upper curve will be the original one and the lower 
one that which is obtained by computation. The formula (140) 
is to be used by taking /, ai, p; for the upper curve and fy, a2, pe 
for the lower one. For example, let the data for a station on 
the upper original curve be a, = 600 square feet and p, = 80 
feet, a, = 480 square feet and f). = 66 feet. Let the elevations 
of two points on the upper curve be 18.26 and 16.68 feet so that 
fy, = 1.58 feet, then the fall in the lower curve is 
600° X 66 


=1:58 
L1ES 480 X 80 


=12.67 leet, 

and hence when the elevation of the first station on the lower 
curve is 16.26 feet, the probable elevation of the second station 
on that curve is 13.69 feet. The fall 2.57 feet is here probably 
liable to a considerable error, since the application of (141), to 
these data gives a much smaller result for /. Experiments 
are greatly needed in order to test the comparative value of 
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these two methods of computation, and these, on a small scale, 
might well be undertaken in the hydraulic laboratory of an engl- 


neering college. 


Prob. 1412. A canal from a river to a power house is two miles long, 
its bed is on aslope of 1/10 000, and C is 70. When the water is in uniform 
flow, the depth D is 6.0 feet, and the discharge is 800 cubic feet per second. 
If there be a power house which takes 1000 cubic feet per second, find the 
probable depth of water at the entrance to its forebay. 

Prob. 141). Show that the last formula in Art. 135, when reduced to 
the metric system, becomes v = v’ + 6.1-V/S. 

Prob. 141c. A stream 181 meters wide and 5 meters deep has a dis- 
charge of 1318 cubic meters per second. Find the height of backwater 
when the stream is contracted by piers and abutments to a width of 96 meters. 


Prob. 141d. Which has the greater discharge, a stream 1.2 meters deep 
and 20 meters wide on a slope of 3 meters per kilometer, or a stream 1.6 
meters deep and 26 meters wide on a slope of 2 meters per kilometer ? 


Prob. 141e. A stream 2 meters deep is to be dammed so that water shall 
be 4 meters deep at the dam. Its slope is 0.0002 and its channel is such that 
the metric value of c is 39. Compute the distance to a section up-stream 
where the depth of water is 3.6 meters. 
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GHAPTER iT 
WATER SUPPLY AND WATER POWER 


ArT. 142. RAINFALL 


All the water that flows in a stream has at some previous time 
been precipitated in the form of rain or snow. ‘The word “rain- 
fall” means the total rain and melted snow, and it is usually 
measured in vertical inches of water. The annual rainfall is 
least in the frigid zone and greatest in the torrid zone; at the 
equator it is about 100 inches, at latitude 4o° about 4o inches, 
and at latitude 60° about 20 inches. There are, however, cer- 
tain places where the annual rainfall is as high as 500 inches, and 
others where no rain ever falls. In the United States the heaviest 
annual rainfall is near the Gulf of Mexico, where 60 inches is 
sometimes registered, and near Puget Sound, where 90 inches is 


not uncommon. In that large region, formerly | ptf 


called the Great American Desert, which lies be- 
tween the Rocky and Sierra Nevada mountains, 
the mean annual rainfall does not exceed 15 

inches, and in Nevada it is only about 72 inches. 

The amount of rainfall in any locality depends 

upon the winds and upon the neighboring moun- 

tains and oceans. 


The standard type of rain gage used by the 


U. S. Weather Bureau has a diameter of 8 inches. a 
The rain falling into the gage passes down through 

the funnel shown in Fig. 142a and into the small : 
cylinder A, the area of which is one-tenth that of ee 


the gage. One inch of rainfall therefore will give a 
depth of ro inches in the cylinder A and small falls can thus be 
accurately measured. As the cylinder A fills it overflows into 
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the body of the gage B, and when measured is simply poured 
into the cylinder A after the water it contains has been measured 
and poured out. These gages should be read each day in 
order that the loss due to evaporation may not become exces- 
sive and introduce material errors. Other forms of rain gages 
which record on a chart each one-hundredth of an inch of 
rainfall at the time when it falls are made. Such gages are 
of particular use in determining the rate of rainfall and the time 
of the fall rather than its total quantity. 


At any place the rainfall in a given year may vary consider- 
ably from the mean derived from the observations of several 
years. Thus, at Philadelphia, Pa., the mean annual rainfall is 
about 42 inches, but in 1890 it was 50.8 inches and in 1885 it was 
_ only 33.4 inches. Similarly at Denver, Col., the mean is about 
14 inches, but the extremes are about 20 and g inches. When 
a very low rainfall occurs, that of the year preceding or following 
is also apt to be low, and estimates for the water supply of towns 
must take into account this minimum annual rainfall. The 
distribution of rainfall throughout the year must also be con- 
sidered, and for this purpose the rainfall records of the given 
locality should be obtained from the publications of the U. S. 
Weather Bureau as well as from all other available sources 
and be carefully discussed. In making plans for a water supply 
it should be the aim to store a sufficient quantity so that an ample 
amount will be available at the end of the driest period which is 
likely to occur. In Table 142 are shown the average rainfalls 
at a number of places in the United States for the four seasons 
and for the year; in estimates for very wet years about 25 per- 
cent may be added to these values, while for very dry years about 
25 percent may be subtracted. 


As illustrating the variations from the mean rainfall which 
may be expected at any place the following example is given. 
The mean rainfall at Philadelphia is about 42 inches, and the 
following are some of the values for various years: 29.6 inches for 
1825, 30.2 inches for 1881, 61.3 inches for 1867, and 55.5 inches 
for 1840, 
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TABLE 142. RAINFALL IN THE UNITED STATES * 


Length of Rainfall in Inches 
Record. 
Years 


Summer } Autumn | Winter Annual 


Wicks btroeo selon 32 ; : 10.3 
Charleston. = =) 6 33 : : 2 
eietle mi. OCkam een an: 24 ; : 10.5 
IROnu and) es ser 32 : : 11.9 
INGWaVorlsran ss) > 3 | ..733 : De 10.8 
HPOStONGE ss ty ae 4 25 : : List 


15.6 53-8 
10.2 53-4 
13.4 49.6 
20.0 45.6 
Piet 44.8 
: 10.9 | 43-7 
(Cairomme <8 fe els 22 ; : Oat 10.7 41.6 
Chics 3 6 6 6 33 : : 7.9 9.7 38.4 
eye Westen t's 2 33 ; : 14.5 5-3 37.9 
Cleveland nea: 33 5 ; 9.0 7.9 35.6 
Chicasoeyn <5 Be} j : 8.2 6.4 33-4 
Detroiter ays ie 8 i. 33 ; : = GAS 6.6 32.2 
Omaha tes? oh os 33 . , 6.4 2.3 30.8 
Stmeauligey 6) es hones 31 5 : 7.0 2.8 28.6 
San Antonio... . 18 ; : 7.0 Bae} 28.4 
San Francisco. . . 32 : : 4.4 : 22.5 
IBismanck@ ie 2...) 2 5 20 ; : DG) 2.0 18.8 
SPOKAUCI rset. De : : i 6.8 18.3 
Sal@bake City... 30 : : j 4.1 15.8 
ospAngeless = 5 2 28 : : 2 8.1 
SANANS 5 Seo 30 ; : : 2.0 
IDG &. “ons RR Ge F 31 : : : 7 
HIClenaie ga fous 24 : : : 2.6 
Whey, We" es BES tose 28 


The annual rainfall. at any locality seems to vary in cycles, 
but no law of such variation, if any there be, has yet been dis- 
covered. The manner of variation at Philadelphia and New 
York is shown in Fig. 1420, the curves being obtained by plot- 
ting for each year a value for the rainfall which is one- third of 
the sum of the rainfalls for that year, the preceding year, and the 
following year. The curves are not drawn to exactly follow the 
plotted points, but are smoothed out in order to better illustrate 
the probable variations. 


* From Records of U. S. Weather Bureau to 1910. 
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The distribution of rainfall from place to place is also subject 
to many variations, some local and others general in their nature. 
Among them may be mentioned both the topography and the 
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altitude of the country and their relation to the prevailing wind 
direction. The presence of large bodies of water in the neigh- 
borhood also has its influence. 


As examples of such variations in rainfall there may be mentioned 
the Esopus and Catskill watersheds in New York.* Their areas are 
nearly the same, they both draininto the Hudson River from the west, 
and their centers are not more than 25 miles apart, yet the rainfall on 
the former is about 20 percent greater than on the latter. As oneother 
example there may be mentioned the rainfall at “Number 4” in 
northern New York in the Western Adirondacks and Avon on the 
Genessee River 23 miles south of Lake Ontario. These two stations 
are but 145 miles apart, yet the average yearly rainfall at the former is 
50.4 inches, while at the latterit is only 27.0 inches. In determining the 
rainfall at any point or for any given area all available records must 
be examined and all other collateral evidence carefully analyzed, 
particularly in cases where estimates of the stream flow are to be based 
on estimates of the rainfall. 


Prob. 142. Consult the “Instructions for Voluntary Observers,’ pub- 
lished by the United States Weather Bureau, and describe a method of 
determining the amount of rainfall contained in a given depth of snowfall. 
‘In making reports how much rainfall on the average is to be taken as 
representing a snowfall of 12 inches? 


* Monthly Weather Review, March, 1907. 
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Art. 143. EvAporATION 


After rain has fallen evaporation from both land and water 
surfaces at once begins and continues until all of the rainfall has 
passed off into the atmosphere, where it is condensed into clouds 
and again falls as rain, thus completing the cycle. Like rainfall 
the evaporation is to be measured in inches of depth. Various 
experiments on the evaporation from water surfaces have been 
made, and a number of the results which have been derived are 
shown in Table 143a. 


TABLE 148¢. MONTHLY AND YEARLY EVAPORATION FROM 
WATER SURFACES 


Evaporation in Inches 


May | June | July | Aug. | Sept. 


Boston, 
Mass.* 5 F : ; 4.46 
Rochester, 
NGYoh : é : : 3-93 
Emdrup, 


Denmark f | o. ; : ; 3:70 
Lee Bridge, 
England § 
GraniteReef, 
Arizona 1 


Birmingham, 
Ala. 

Klamath, 
Oregon all 


Evaporation from land surfaces is dependent on the character 
of the soil, on the extent and character of the forestation and cul- 
tivation, and in a considerable measure on the general steepness 
of the surface, for on this is dependent the time in which evapora- 
tion can act. In a steep country the rainfall rapidly runs into 


* Transactions, American Society of Civil Engineers, vol. 15. . 
+ Annual Reports, Rochester, N.Y., Board of Water Commissioners. 


+ Hydrology, Beardmore, London, 1862. 
§ Proceedings, Institution Civil Engineers, vol. 45. 


4] Engineering News, June 16, 1910. 
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the streams, while in a flat country it passes off more slowly, and 
the amount of the evaporation is thus increased. 

Experiments on the evaporation from earth, from short 
grass and long grass surfaces have been made, and some results 
are shown in Table 143d. 


TABLE 1436. MoNTHLY AND YEARLY EVAPORATION FROM LAND 
SURFACES 


Evaporation in Inches 


June | July | Aug. | Sept. 


Lancashire, 
England,* 
from earth 

Cumberland, 
England,f 
from earth 


Emdrup, 
Denmark,* 
from short 


grass 

Emdrup, 
Denmark,* 
from long 
grass 

Rothamsted, 
England,t 
from earth 


The evaporation from any particular watershed is dependent: 
on the temperature, the humidity, the altitude, the area of the 
watershed, and the area of the water surface on it. The.evap- 
oration is dependent also on the wind velocity, the inclination 
or slope of the watershed, its geological character, its forest cover 
and its state as regards cultivated areas. The total amount fi 
evaporation is also dependent on the rainfall, and varies with it. 
The distribution of the rainfall throughout the year greatly in- 
fluences the evaporation; a heavy winter and a light summer 
rainfall will together show a small annual evaporation. 

* Hydrology, Beardmore, London. 


} Fanning, Treatise on Water Supply Engineering, New York, 1878. 
} Proceedings Institution Civil Engineers, vol. ros. 
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In the Atlantic States it may be said that the annual evapora- 
tion from land surfaces is about 45 percent and that from water 
surfaces about 60 percent of the annual rainfall, so that about 
one-half of the rainfall reaches the streams and may be utilized. 
In the arid regions west of the Rocky Mountains the percentages 
of evaporation are much higher, as indicated in Table 143c. 


Many attempts to deduce a formula which will take account of 
the various factors which influence evaporation have been made but 
without definite success. The problem is a very complicated one. 
~Vermeule has deduced the formula 


E= (15.5 +0.16 R)(0.05 T — 1.48) 


where R is the annual rainfall and £ the annual evaporation in inches, 
and T is the mean annual temperature in Fahrenheit degrees.* If 
T = 40°.6, this becomes E = 15.5-+ 0.16 R, which is a mean value for 
New Jersey and neighboring states; if T be 47°, the evaporation is 10 
percent less, and if T be 52°, it is 10 percent more, than this mean. 
The evaporation in different months varies greatly, the mean monthly 
temperature being the controlling factor. The following are average 
values given by Vermeule for the vicinity of New Jersey, where the 
mean annual temperature is 49°.6 ; 7 representing mean monthly rain- 
fall and e mean monthly evaporations in inches : 


Jan., €=0.27-+0.107r July, ¢=3.00+0.30r 
Feb., € = 0.30-+ 0.107 Aug., ¢€=2.62+0.257r 
March, e=0.48-+-0.107 Sept., ¢= 1.63 +0.20r 
April,  ¢=0.87-+0.10r Octi; ¢ = 0.83 io.12h 
May, = 1.87 -- 0.207, Nov., ¢€=0.66-+0.10r 
June, ¢=2.50+ 0.257 Dec., ¢€=0.42-+0.107r 


To obtain the monthly evaporations for places of mean annual tem- 
perature T, the values found for e are to be multiplied by o.o5T— 
1.48. Thus, if there be 8 inches of rain in July, e=5.40 inches, and 
if the mean annual temperature be 56°, this is to be increased by 32 
percent. Vermeule’s formulas for evaporation were deduced from 
a consideration of the relation between the rainfall and the observed 
flows of a number of streams in the New England and Middle States. 
They take account of the effect of unequal distribution of the rainfall 


* U. S. Geological Survey of New Jersey (Trenton, 1894), vol. 3, p. 76. 
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throughout the year and give results which agree well with actual - 
gagings if care be taken to determine a proper factor for each water- 
shed to which they are applied.* 

Like rainfall the evaporation varies greatly, even in regions not 
widely separated. In Art. 142 the difference in the rainfall on the 
Esopus and Schoharie watersheds in New York State was referred to. 
The evaporation on the Esopus will probably average about 15 inches 
per year, while on the Catskill it is not far from 19 inches, a differ- 
ence of over 20 percent in a distance of less than 30 miles. 

Experiments on evaporation are of interest and value, but the best 
results as to its amount are determined by taking the difference between 
the amount of the rainfall and the results of measured stream flows. 
In this manner all of the factors are taken account of and the most 
accurate results obtained. Experiments, made by collecting the rain- 
fall in pans and measuring the depth of water from time to time are not 
highly reliable, since the size of the pan influences the results. It 
_ has been shown by the U. S. Department of Agriculture that the evap- 
oration from a pan 2 feet in diameter is about 75 percent, that from 
a pan 4 feet in diameter is about 50 percent, and that from a pan 6 
feet in diameter is about 30 percent greater than the evaporation 
from a large pond or lake. 


Prob. 143. The rainfall on a watershed of 850 square miles is 44.8 
inches. Assuming a seasonal distribution as at New York (Table 142) 
compute the evaporation by Vermeule’s formula. 


Art. 144. GrounD WATER AND RUNOFF 


When the ground is frozen and the precipitation does not 
accumulate in the form of ice and snow, the runoff from a water- 
shed is closely equal to the rainfall minus the evaporation. If 
three inches of rain falls per month and one-third of this evaporates, 
the runoff will be nearly 2 cubic feet per second for each square 
mile of the watershed. The discharge due to a heavy rainfall 
occurring in a short period or to the melting of snow may be 
twenty or thirty times as great. A rainfall of ro inches occurring 
in two days, if three-fourths of it is delivered at once to the 
streams, will give a flood discharge of about 100 cubic feet per 


* Monthly Weather Review, March, 1907. 
} American Civil Engineers’ Pocket Book, rorr, p. 1286. 
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second per square mile of watershed area. It is not usually 
necessary to consider these flood discharges in estimates for water 
supply and water power, except in order to take precautions 
against the damage they may cause. 


In Table 144a@ are shown some observed flood flows of various 
small and large streams in the United States. 


TaBLE 144a. OBSERVED Maximum FLoop Fiows* 


Watershed | Cubic F 
Stream and Place Area : pene 


Square Miles Square Mile - 


Starch Factory Creek, New Hartford, N.Y... . 3.4 209 
Mace brookmoher Dune mNeert pins se eer see 5:0 262 
INU Bixee, Sebago, INE eS of oa a oe 9.4 241 
Senne, meminimouidn, ING. co ¢ 6 6 ¢ 6 o uit BEEO 220 
Rock Creek Washington) DIC. tar) sa. 77.5 126 
Ramapo River, Mahwah,N.J. . . .... - 118.0 105 
lss@ous, Olive Wace IN 6 5 65 Ged 6.6 238.0 IIo 
Great River, Westfield, Mass. ©. 5 . 5 3 =. 350.0 152 
Raritan River, Bound Brook,N.J.. .. ... .- 879 59 
INiowa, Rives, Wawa, IGM 5 a ae eb GE 159 140 
Delaware River, Lambertville, N.J. . ... - 6 500 54 
Susquehanna River, Harrisburg, Pa. . . . . «| 24030 19 


Data such as those in Table 1442 are of use in proportioning 
overflows and waste-weirs for reservoirs and in fixing on the length 
of overfall dams in rivers. Numerous formulas have been pro- 
posed, but data such as actual observations are to be preferred 
in making designs of this character. In each particular case all 
available information must be considered, including the traditions 
as to the past highest water, and then after making due allowance 
for all of the conditions which influence the rapidity of runoff 
from the watershed, a liberal factor of safety must be applied. 

Runoff may be defined as the difference between the rainfall 
and the evaporation if in the latter be included all of the water 
which fails to reach the streams. ‘The runoff of a stream can 


* Taken largely from American Civil Engineers’ Pocket Book, New 


York, 1g1t. 
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be determined by measuring the flow over a weir (Chap. 6) or 
by daily gage height readings in connection with a discharge curve 
which has been determined by gagings of the flow at various 
water stages (Art. 131). The runoff is usually expressed as a 
percentage of the rainfall, thus if F be the rainfall, E the evapora- 
tion, and R the runoff, all in inches, then R = F — E, and asa 
percentage of the rainfall the runoff is 100(F — E)/F. 


In Table 1446 are shown some observed values of the rainfall 
and runoff on a number of streams in the United States. 


TaBLE 1440. OBSERVED RAINFALL AND RUNOFF * 


Area of pues 


Watershed . . 
Stream and Place oe Rainfall in 


Miles 


Cubic Feet 
Inches Percent | per Second 
of Rainfall) per Square 
Mile 


Sudbury, Boston, Mass... .. . : ; 48.6 1.64 
Connecticut, Hartford, Conn. . . . E : 56.5 1.86 


Croton, Old Croton Dam, N.Y. . , ; ; 50.8 1.81 
Upper Hudson, Mechanicsville, N.Y. 4 : 59.0 7/2 
Perkiomen, Philadelphia, Pa. . . . ; : 49.2 1.74 
Potomac, Point of Rocks, Md.. . . : : 38.6 T.05 
Savannah, Augusta, Ga.. . ; : ; 48.9 1.63 
Upper Mississippi, Pokegama Falls : : : 18.4 0.36 


The gagings which have been made and are being continued 
by the U.S. Geological Survey on many streams all over this 
country furnish a vast fund of information concerning the run- 
off of streams. The results of these gagings are published’in the 
various Water Supply and Irrigation Papers of the Survey, and 
are to be consulted wherever questions involving the runoff of 
streams are being considered. 


During the spring the ground is filled with water which is 
slowly flowing toward the streams, and this ground water is the 
main source of the runoff from a watershed during the dry 
months. ‘The velocity of flow of this ground water varies directly 
as the slope of its surface, for this velocity is so slow that no losses 


* From American Civil Engineers’ Pocket Book, New York, torr. 


Ground Water and Runoff. Art. 144 375 


occur in impact (Art. 90). When the slope of the surface of the 
ground water becomes zero, the streams are dry if there be no 
rainfall. ‘The discharge of a stream in a dry season hence depends 
upon the depth and slope of the ground water, and this in turn 
depends upon the previous rainfall, the topography of the country, 
and the character of the soil. 


While data regarding rainfall and evaporation will furnish 
valuable information regarding the mean annual flow of a stream, 
they will usually fail to indicate the mean discharge during differ- 
ent months. For this purpose the study of discharge curves 
and gage heights (Art. 134) is important, and if there be none 
for the stream in hand, it will be necessary to make a few gagings 
at different stages of water and to collect information regarding 
the lowest stages that have been observed in dry years. 


In irrigation work quantities of water are often estimated 
in terms of a convenient unit called the acre-foot, which is the 
quantity which will cover one acre to a depth of one foot, namely, 
43 500 cubic feet. The discharge of a stream is often stated in 
acre-feet per day. One acre-foot per day is 0.5042 cubic feet per 
second, or one cubic foot per second is 1.983 acre-feet per day. 
One acre-foot of water is 325 851 U. S. gallons, and 1 000 000 
gallons is 3.0689 acre-feet. One inch of rainfall per month is, 
very closely, 0.9 cubic feet per second per square mile. 


In irrigation estimates the “duty” of water is to be regarded. 
This is defined as the number of acres that can be irrigated by a 
supply of one cubic foot per second, and it usually ranges from 
60 to 100 acres. An inverse measure of duty is the number of 
vertical inches of water required to irrigate any area, this usually 
ranging from 18 to 24 inches per year. The acre-foot is also fre- 
quently used in statements of duty of water. The methods of 
measuring the water by orifices and modules in terms of the 
miner’s inch unit have been explained in Art. 55. 


The hydraulics of irrigation engineering differs in no respect from 
that of water supply and water power. Water is collected in reservoirs 
or obtained by damming a river, and it is led by a main canal to the 
area to be irrigated, and there it is distributed through smaller lateral 
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canals to the fields. The smaller the canal or ditch, the steeper be- 
comes its slope, and in the final application to the crops the flow in 
the furrows is often normal to the contours of the surface. In a river 
system the brooks feed the creeks, and the creeks feed the river, the 
flow being from the smaller to the larger; in an artificial irrigation 
system, however, the flow is from the larger to the smaller channel. 

Seepage into the earth from an irrigation canal constantly goes 
on, unless its bed be puddled with clay or Ened with concrete, and 
this loss of water is often very heavy. For new canals it is often as 
high as 50 percent of the water, but for old canals it may become 
lower than ro percent. In making estimates for an irrigation supply 
it is hence necessary to take into account this seepage loss, and also 
to consider that due to evaporation. 

Prob. 144. If all the rainfall that does not evaporate flows into the 
stream, find the runoff in cubic feet per second from a watershed of 1225 
square miles during a month when the rainfall is 3.6 inches, the mean annual 
temperature being 48°.5 Fahrenheit. Also for the temperature of 49°.5. 


Art. 145. EsTimMATES FoR WATER SUPPLY 


The consumption of water in American cities is, on the average, 
about roo gallons per person per day, the large cities using more 
and the small ones less than this amount. The daily consump- 
tion in July and August is from 15 to 20 percent greater than the 
mean, owing to the use of water for sprinkling, while during 
January and February it is also greater than the mean in the 
colder localities, owing to the large amount that is allowed to run to 
waste in houses in order to prevent the freezing of the pipes. On 
Mondays, in small towns when every household is at work on 
the weekly washing, the consumption may be put at 50 percent 
higher than the mean for the week. Accordingly if the yearly 
mean be roo gallons per person per day, the Monday consump- 
tion during very hot or very cold weather may be as high as 150 
gallons per person per day. When a large fire occurs, the hourly 
consumption for this purpose alone in a fire district of 10 000 
people may be at the rate of 175 gallons per person per day. In 
general the maximum available hourly supply should be from 
three to four times as great as the mean daily consumption. 
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When water is to be pumped from a river directly into the 
pipes, without tank or reservoir storage, the capacity of the pumps 
should be such that during the occurrence of fires at least three 
times the mean daily consumption may be furnished. When 
a pump delivers water to a distributing reservoir, its capacity 
need not be so high as in the case of direct pumping, for the reser- 
voir storage can be drawn upon in case of fire. When the reser- 
voir is large, the pump capacity need be only sufficient to lift the 
annual consumption during the time when it is in operation. The 
subject of pumping is an extensive one, but it will be briefly 
treated from a hydraulic standpoint in Arts. 192-201. 


Gravity supplies are those obtained by impounding the runoff 
of a watershed at an elevation sufficiently high so that the water 
will flow without pumping to the places where it is to be consumed. 
Pumped supplies are obtained either from a stream which lies too 
low to furnish the water by gravity or from the ground from 
water-bearing strata which may be termed natural underground 
reservoirs. Such areas in a sandy country may yield as high as 
1.000 000 gallons per day per square mile. The borough of 
Brooklyn of the City of New York obtains its water from the 
sands of Long Island, and a good example of the methods to be 
followed in estimating on such a supply is to be found in a 
report by Burr, Hering, and Freeman.* 


In estimating on the safe yield of a surface watershed a study 
of the existing rainfall and stream flow data should be made. 
In the absence of the latter, estimates of the flow may be made 
by considering the rainfall records and computing the evapora- 
tion after allowing for all of the causes by which it is influenced. 
In some cases it will be found that even few rainfall data are 
available, and it then becomes necessary to consider the records 
at the nearest points where such observations have been made, 
and deduce values for the rainfall in the locality being considered.{ 
In making estimates of this character all evidence should be 
carefully considered in order to avoid errors. 


* Report on Additional Water Supply, New York, 1903. 
¢ Monthly Weather Review, March, 1907. 
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When gagings of the stream being studied are available,* 
the problem is a simpler one, but the period during which the 
gagings were taken must be examined with reference to its re- 
lation with the rainfall cycle (Art. 142). The results shown by 
such a series of gagings during a period of high rainfall would 
differ materially from those during a low cycle. This considera- 
tion is of particular importance when determining on the storage 
required for a water supply or for a power plant on a stream of 
moderate size, while on larger streams the controlling factor is 
often simply the quantity and duration of the minimum flow. 
This minimum is generally less dependent on the rainfall cycle 
than is the total yearly yield of the stream. 


Having determined on the quantity of water to be supplied 
and on the flow for a series of years of the stream from which 
the water is to be obtained, it becomes necessary to fix on the 
volume of storage which will be necessary to tide over the driest 
period which is likely to occur. For this purpose the method pro- 
posed by Rippl ¢ is a convenient one. It consists essentially in 
determining the net available stream flow for each month, after 
making allowances for evaporation from the reservoir surfaces 
which will result from the new construction and for all other 
possible losses. The total flow for each month is then added to 
the total of the months preceding and since the beginning of the 
period being studied. ‘The total flow from the beginning of the 
period to the end of each month is thus determined and may be 
plotted as in Fig. 145¢. The inclination of the curve AM joining 
the points so plotted thus represents the rate of net available 
stream flow, and may on occasion have a negative value as at 
ETI, when the evaporation, leakage, and other losses are larger 
than the quantity of water available in the stream. 


The amount of water to be used is now plotted as the line AB, 
it being assumed that the use is at a practically constant rate. 
Wherever the inclination of the curve is greater than that of the 
line AB, the net stream flow is greater than the draft, and wherever 


* Transactions American Society Civil Engineers, vol. 59. 
{ Proceedings Institution Civil Engineers, vol. 71. 
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it is less the draft is in excess of the available water. To deter- 
mine the amount of storage necessary to tide over such a period 
of deficiency, EJ, if the line EF be drawn parallel to AB and tan- 
gent to the curve at , the maximum ordinate HT will, on the scale 


gallons 


per month 


Net flowin cubic feet or-millions of 


of the diagram, indicate the amount of water which would have 
been necessary to maintain the uniform rate of draft as indicated 
by the line AB. Similarly if AD were the uniform rate of draft, 
the maximum ordinate JK between EG, drawn parallel to AD, 
and the curve would represent the storage volume necessary to 
maintain the draft AD from A to G. The maximum uniform 
rate of draft which could be obtained from A to G would be 
represented by. the inclination of the line AG, but this rate, as also 
AB and AD, could not be constantly maintained unless the neces- 
sary storage was available at the beginning of the period at A. 
In case the tangent to any summit of the curve and parallel to 
the assumed rate of draft should fail to intersect the curve, it 
would be indicated that the draft was in excess of the total yield 
for the period under consideration. 

Another graphical method is to plot the summation of the monthly 
differences between the net stream flow and the assumed uniform draft. 
In Fig. 145d if the reservoir be assumed to be full at the beginning 
of the period, then for the next three months the stream flow exceeds 
the draft and an overflow occurs as indicated above the zero line. 


i 
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Above this line the actual amount of overflow in each month is 
plotted. At the end of the three months the draft begins to exceed 
the net stream flow and the reservoir level falls, as indicated by the 
continuous line. By the early part of the year 1891 the reservoir has 


3 


~ 


i 


S 


Billions of Gallons 
— 


1890 1891 1892 1893 1894 
Fig. 1450. 


again filled. The process is thus continued, and it is found that to 
tide over the period 1890 to 1894, if the reservoir be full at the be- 
ginning, a storage capacity of 3 billions of gallons is required. 

The necessary volume of storage having thus been determined, 
it is usual in proportioning the reservoir to make an allowance to cover 
the uncertainties in the data as well as to provide a factor of safety 
against the occurrence of drier years than those covered by the 
records. Such an allowance may range from to to 50 percent of 
the storage as determined by the methods of Figs. 145a and 1450. 


The quantity of storage necessary is dependent on the proposed 
rate of draft, but in general it may be said in the northeastern part of 
the United States, on rainfalls of from 38 to 50 inches, that a storage 
capacity of 250 000 000 gallons per square mile of watershed will per- 
mit of a safe uniform draft of from 600 000 to goo 000 gallons per square 
mile per day, the smaller figure being applicable to flat watersheds of 
low rainfall and the larger to those which are steep in slope and have 
higher rainfall. 


After the height of the water levelin the reservoir has been fixed, 
the dimensions of its waste weir or spillway are to be determined. This 
is a most important problem, for on its proper solution depends the 
safety and security of the damsand structures which form the reservoir. 
The spillwaymust beof sufficient size to safelydischarge the largest flood 
which will come down the valley. Numerous formulas for maximum 
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flood discharge have been derived, but in general they give results 
_ which are too small and which represent average flood conditions more 
nearly than the maximum which the spillway must carry. Records of 
the actual greatest floods should be procured when possible,* and 
higher records of discharge than those hitherto observed are liable to 
occur. The history of the disastrous floods of 191 3 in Ohio and 
Indiana is still fresh in the memory. Generalities and lack of thorough 
investigation merely lead to failure when the day of the real test arrives. 
Prob. 145. How many cubic feet per second per square mile are equiy- 
alent to a rainfall of one inch per month ? 


Art. 146. Estimates FoR WATER POWER 


The methods of estimating the water power that can be 
derived by damming a stream are to some extent similar to those 
for water supply. In the absence of gagings the records of rain- 
fall and evaporation are to be collected and discussed, but a few 
gagings will probably give more definite information if records of 
water stages during several years can be had. A method of de- 
termining the advisable extent of a water power development 
when records of stream flow are available has been developed 
by Herschel.f 

In nearly every situation the stream flow in connection with 
the storage which can be obtained at a reasonable expense is 
not sufficient to continuously generate the power which is re- 
quired. In such cases it is necessary to.supplement the water 
power with an auxiliary steam plant located at some point within 
the territory to be served where fuel can be obtained most 
economically. In order to determine on the capacity of such an 
auxiliary plant the general method shown in Fig. 145a may be 
used. With the known volume of available storage and net 
flow of the stream the maximum uniform rate of draft can be 
determined. The capacity of the auxiliary steam plant may 
then be considered as the difference between the power capacity 
required and that furnished by the minimum flow of the stream ; 
while the advisable extent of the water power development will 
depend upon considerations of the river discharge, the cost of 


* American Civil Engineers Pocket Book, Second Edition, pp. 904-906. 
¢ Transactions American Society of Civil Engineers, 1907, vol. 58, p. 29. 
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the development, and the cost of installation and operation of 
the auxiliary steam plant. No definite rules are to.be laid 
down in this regard, as the exact proportion to be finally decided 
upon depends on many factors which vary in every locality. 


The power needed to be generated by a plant varies from 
hour to hour. The greatest demand is called the “peak.” <A 
peak load is one of very short duration and can be met by 
installing an excess of turbine and generator capacity and by 
providing storage in a pond of adequate size. It is probable, 
however, that in many cases the auxiliary heat engines already 
installed to meet low water conditions will more economically 
supply the power for the peak loads than would the necessary 
excess turbine, generator, power house and storage capacity. 


At times of high water the head on the wheels is often re- 
duced, due to the change in slope of the river, and the normal 
output of the plant is thus diminished. The “fall increaser ”’ 
(Art. 181) will operate to increase the available head, or where 
this is not provided the auxiliary steam plant must be called on 
to supply the deficiency. 


Let W be the weight of water delivered per second to a hy- 
draulic motor, and h be its effective head as it enters the motor, 
h being due either to pressure (Art.11), or to velocity (Art. 22), 
or to pressure and velocity combined (Art.24). The theoretic 
energy per second of this water is 


and if W be in pounds and 4 in feet, the theoretic horse-power of 
the water as it enters the motor is 
HP =Wh/ sso (146). 


and this is the power that can be developed by a motor of effi- 
ciency unity. The work & delivered by the motor is, however, 
always less than K, owing to losses in impact and friction, and the 
horse-power hp of the motor is less than HP. The efficiency 
of the motor is 


e=k/K=k/Wh or e=hp/HP (146), 
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and the value of this for turbine wheels is usually about 0.80; 
that is, the wheel transforms into useful work about 80 percent 
of the energy of the water that enters it. 


In designing a water-power plant it should be the aim to ar- 
range the forebays and penstocks which lead the water to the 
wheel so that the losses in these approaches may be as small as 
possible. The entrance from the head race into the forebay, 
from the forebay into the penstock, and from the penstock to the 
motor should be smooth and well rounded; sudden changes in 
cross-section should be avoided, and all velocities should be low 
except that at the motor. If these precautions be carefully ob- 
served, the loss of head outside of the motor can be made very 
small. Let H be the total head from the water level in the head 
race to that in the tail race below the motor. The total available 
energy per second is WH, and it should be the aim of the designer 
to render the losses of head in the approaches as small as possible 
so that the effective head # may be as nearly equal to H as pos- 
sible. Neglect of these precautions may render the effective 
power less than that estimated. 


The efficiency e, of the approaches is the ratio of the energy 
K of the water as it enters the wheel to the maximum available 
energy WH, ore: = K/WH. The efficiency & of the entire plant, 
consisting of both approaches and wheel, is the ratio of the work k 
delivered by the wheel to the energy WH, or 


E=k/WH =eK/WH =e 


or, the final efficiency is the product of the separate efficiencies. 
If the efficiency of the wheel be 0.75 and that of the approaches 
0.96, the efficiency of the plant as a whole 1s 0.72,,0F Onl ye7 2 per 
cent of the theoretic energy is utilized. Usually the efficiency 
of the approaches can be made higher than 96 percent. 


In making estimates for a proposed plant, the efficiency of 
turbine wheels may generally be taken at 80 percent; the effec- 
tive work is then o.80oWh, and accordingly if the wheels are 
required to deliver the work & per second, the approaches are to 
be so arranged that Wh shall not be less than 1.2 5k. Especially 
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when the water supply is limited it is important to make all 
efficiencies as high as possible. 


Prob. 146. A stream delivers 500 cubic feet of water per second to a 
canal which terminates in a forebay where the water level is 8.1 feet above _ 
the tail race. The wheels deliver 335 horse-power and their efficiency is 
known to be 75 percent. How much power is lost in the forebay and pen- 


stock ? 
Art. 147. WATER DELIVERED TO A MoToR 


To determine the efficiency of a hydraulic motor by formula 
(146); the effective work k is to be measured by the methods of 
Art. 149, and the head / to be ascertained by Art. 148. In order 
to find the weight W that passes through the wheel in one second, 
there must be known the discharge per second g and the weight 
w of a cubic unit of water; then 

W =wq 
Here w may be found by weighing one cubic foot of the water, 
or when the water contains few impurities its temperature may 
be noted and the weight be taken from Table 3. In approximate 
computations w may be taken at 62.5 pounds per cubic foot. In 
precise tests of motors, however, its actual value should be ascer- 
tained as closely as possible. 


The measurement of the flow of water through orifices, weirs, 
tubes, pipes, and channels has been so fully discussed in the pre- 
ceding chapters, that it only remains here to mention one or two 
simple methods applicable to small quantities, and to make a 
few remarks regarding the subject of leakage. In any particular 
case that method of determining g is to be selected which will 
furnish the required degree of precision with the least expense. 


For a small discharge the water may be allowed to fall into a 
tank of known capacity. The tank should be of uniform horizontal 
cross-section, whose area can be accurately determined, and then 
the heights alone need be observed in order to find the volume. 
These in precise work will be read by hook gages, and in cases of 
less accuracy by measurements with a graduated rod. At the 
beginning of the experiment a sufficient quantity of water must be 
in the tank so that a reading of the gage can be taken ; the water 
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is then allowed to flow in, the time between the beginning and end 
of the experiment being determined by a stop-watch, duly tested and 
rated. This time must not be short, in order that the slight errors 
in reading the watch may not affect the result. The gage is read 
at the close of the test after the surface of the water becomes quiet, 
and the difference of the gage readings gives the depth which has 
flowed in during the observed time. The depth multiplied by the area 
of the cross-section of the tank gives the volume, and this divided 
by the number of seconds during which the flow has occurred fur- 
nishes the discharge per second gq. 


If the discharge be very small, it may be advisable to weigh the 
water rather than to measure the depths and cross-sections. The total 
weight divided by the time of flow then gives directly the weight W. 
This has the advantage of requiring no temperature observation, 
and is probably the most accurate of all methods, but unfortunately 
it is not possible to weigh a considerable volume of water except at 
great expense. 


When water is furnished to a motor through a small pipe, a com- 
mon water meter may often be advantageously used to determine 
the discharge (Art. 38). No water meter, however, can be regarded 
as accurate until it has been tested by comparing the discharge as re- 
corded by it with the actual discharge as determined by measurement 
or weighing in a tank. Such a test furnishes the constants for cor- 
recting the result found by its readings, which otherwise is liable’ 
to be 5 or ro percent in error. The Venturi meter (Art. 38) fur- 
nishes an accurate method of measuring large quantities. 


The leakage which occurs in the flume or penstock before the water 
reaches the wheel should not be included in the value of W, which is 
used in computing its efficiency, although it is needed in order to as- 
certain the efficiency of the entire plant. The manner of determining 
the amount of leakage will vary with the particular circumstances of 
the case in hand. If it be small, it may be caught in pails and directly 
weighed. If large in quantity, the gates which admit water to the 
wheel may be closed, and the leakage being then led into the tail race, 
it may be there measured by a weir, or by allowing it to collect in a 
tank. The leakage from a vertical penstock whose cross-section is 
known may be ascertained by filling it with water, the wheel being 
still, and then observing the fall of the water level at regular intervals 
of time. In designing constructions to bring water to a motor, it is 
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best, of course, to arrange them so that all leakage will be avoided, but 
this cannot always be fully attained, except at great expense. 

The most common method of measuring g is by means of a weir 
placed in the tail race below the wheel. This has the disadvantage 
that it sometimes lessens the fall which would be otherwise available, 
and that often the velocity of approach is high. It has, however, the 
advantage of cheapness in construction and operation, and for any 
considerable discharge appears to be almost the only method which is 
both economical and precise. If the weir is placed above the wheel, 
the leakage of the penstock must be carefully ascertained. 

Prob. 147. A weir with end contractions and no velocity of approach 
has a length of 1.33 feet, and the depth on the crest is 0.406 feet. The same 
water passes through a small turbine under the effective head 10.49 feet. 
Compute the theoretic horse-power. 


Art. 148. ErrectivE HEAD on A MoTor 


The total available head H between the surface of the water 
in the reservoir or head race and that in the lower pool or tail 
race is determined by running a line of levels from one to the other. 
Permanent bench marks being established, gages can then be 
set in the head and tail races and graduated so that their zero 
points will be at some datum below the tail-race level. During 
the test of a wheel each gage is read by an observer at stated 
intervals, and the difference of the readings gives the head H. 
In some cases it is possible to have a floating gage on the lower 
level, the graduated rod of which is placed alongside a glass tube 
that communicates with the upper level; the head H is then 
directly read by noting the point of the graduation which coin- 
cides with the water surface in the tube. This device requires 
but one observer, while the former requires two; but it is usually 
not the cheapest arrangement unless a large number of observa- 
tions are to be taken. 


From this total head H are to be subtracted the losses of head 
in entering the forebay and penstock, and the loss of head in 
friction in the penstock itself, and these losses may be ascertained 
by the methods of Chaps. 8 and 9. Then 


h=H—}/ —}!! 
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is the effective head acting upon the wheel. In properly designed 
approaches the lost heads h’ and h” are very small. 


When water enters upon a wheel through an orifice which is 
controlled by a gate, losses of head will result, which can be 
estimated by the rules of Chaps. 5 and 6. If this orifice is in 
the head race, the loss of head should be subtracted together 
with the other losses from the total head H. But if the regulating 
gates are a part of the wheel itself, as is the case in a turbine, the 
loss of head should not be subtracted, because it is properly 
chargeable to the construction of the wheel, and not to the ar- 
rangements which furnish the supply of water. In any event that 
head should be determined which is to be, used in the subsequent 
discussions: if the efficiency of the fall is desired, the total avail- 
able head is required ; if the efficiency of the motor, that effective 
head is to be found which acts directly upon it (Art. 146). 


When water is delivered through a nozzle or pipe to an im- 
pulse wheel, the head / is not the total fall, since a large part of 
this may be lost in friction in the pipe, but is merely the velocity- 
head v?/2g of the issuing jet. The value of a is known when the 
discharge g and the area of the cross-section of the stream have 
been determined, and 

h=v/2g = (q/a)?/28 
In the same manner when a stream flows in a channel against 
the vanes of an undershot wheel the effective head is the velocity- 
head, and the theoretic energy is 
K = Wh=W??/2g = wy?/2g0" 

If, however, the water in passing through the wheel falls a dis- 
tance ht) below the mouth of the nozzle, then the effective head 
which acts upon the wheel is given by 

h=v?/2g + Io 
In order to fully utilize the fall / it is plain that the wheel should 
be placed as near the level of the tail race as possible. 


Lastly, when water enters a turbine wheel through a pipe, 
a piezometer may be placed near the wheel entrance to register 
the pressure-head during the flow; if this pressure-head, meas- 
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ured upon and from the water level in the tail race, be called hy 
and if the velocity in the pipe be v, then 


h=h+0?/2g 


is the effective head acting on the wheel. It is here supposed 
that the turbine has a draft tube leading below the water level 
in the tail race; if this is not the case, /, should be vacant 
upward from ine lowest part of the exit orifices. 

Prob. 148. A pressure gage at the entrance of a nozzle registers 116 


pounds per square inch, and the coefficient of velocity of the nozzle is 0.98. 
Compute the effective velocity-head of the issuing jet. 


Art. 149. MEASUREMENT OF EFFECTIVE POWER 


The effective work and horse-power delivered by a water- 
wheel or hydraulic motor is often required to be measured. 
Water power may be sold by means of the weight W, or quantity 
g, furnished under a certain head, leaving the consumer to pro- 
vide his own motor; or it may be sold directly by the number 
of horse-power.. In either case tests must be made from time to 
time in order to insure that the quantity contracted for is actually 
delivered and is not exceeded. -It is also frequently required to 
measure effective work in order to ascertain the power and effi- 
ciency of the motor, either because the party who buys it has 
bargained for a certain power and efficiency, or because it is 
‘desirable to know exactly what the motor is doing in order to 
improve if possible its performance. 


The test of a hydraulic motor has for its object: first, the 
determination of the effective energy and power; second; the 
determination of its efficiency; and third, the determination of 
that speed which gives the greatest power and efficiency. If the 
wheel be still, there is no power; if it be revolving very fast, the 
water is flowing through it so as to change but little of its energy 
into work: and in all cases there is found a certain speed which 
gives the maximum power and efficiency. To execute these tests, 
it is not at all necessary to know how the motor is constructed 
or the principle of its action, although such knowledge is very 
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vaiuable, and is in fact indispensable to enable the engineer to 
suggest methods by which its operation may be improved. 


A method in which the effective work of a small motor may 
be measured is tocompel it to exert all its power in lifting a weight. 
For this purpose the weight may be attached to a cord which 
is fastened to the horizontal axis of the motor, and around which 
it winds as the shaft revolves. The wheel then expends all its — 
power in lifting this weight W, through the height / in h seconds, 
and the work performed per second then is k = Wily/h. This 
method is rarely used in practice on account of the difficulty of 
measuring ¢, with precision. 


The usual method of measuring the effective work of a hy- 
draulic motor is by means of the friction brake or power dyna- 
mometer invented by Prony 
about 1780. In Fig. 149 is illus- 
trated a simple method of apply- 
ing the apparatus to a vertical 
shaft, the upper diagram being 
a plan and the lower an eleva- 
tion. Upon. the vertical shaft 
is a fixed pulley, and against 
this are seen two rectangular 
pieces of wood hollowed so as 
to fit it, and connected by two 4 = 
bolts. By turning the nuts on 
these bolts while the pulley is 
revolving, the friction can be in- Be et) 
creased at pleasure, even So as 
to stop the motion ; around these bolts between the blocks are 
two spiral springs (not shown in the diagram) which press the 
blocks outward when the nuts are loosened. To one of these 
blocks is attached a cord which runs horizontally to a small 
movable pulley over which it passes, and supports a scale-pan 
in which weights are placed. This cord runs in a direction op- 
posite to the motion of the shaft, so that when the brake is 
tightened, it is prevented from revolving by the tension caused 


> 
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by the weights. The direction of the cord in the horizontal 
plane must be such that the perpendicular let fall upon it from 
the center of the shaft, or its lever-arm, is constant; this can be 
effected by keeping the small pointer on the brake at a fixed 
mark established for that purpose. 


To measure the work done by the wheel, the shaft is discon- 
nected from the machinery which it usually runs, and allowed to 
revolve, transforming all its work into heat by the friction be- 
tween the revolving pulley and the brake, which is kept stationary 
by tightening the nuts, and at the same time placing sufficient 
weights in the scale-pan to hold the pointer at the fixed mark. 
Let m be the number of revolutions per second as determined 
by a counter attached to the shaft, P the tension in the cord which 
is equal to the weight of the scale-pan and its loads, J the lever- 
arm of this tension with respect to the center of the shaft, 7 the 
radius of the pulley, and F the total force of friction between the 
pulley and the brake. Now in one revolution the force F is over- 
come through the distance 27r, and in revolutions through the 
distance 27rn. Hence the effective work done by the wheel 
in one second is 

k=F-> arrn = 20n-: Fr 
The force F acting with the lever-arm r¢ is exactly balanced by the 
force P acting with the lever-arm /; accordingly the moments 
Fr and Pl are equal, and hence the work done by the wheel in 


one second is ee eee) (149), 
If P is in pounds and / in feet, the effective horse-power-of the 


wheel is given by hp = 2mnP1/550 


As the number of revolutions in one second cannot be accurately 
read, it is usual to record the counter readings every minute or 
half-minute; if NV be the number of revolutions per minute, 


hp = 2maNP1/33 000 (149), 


It is seen that this method is independent of the radius of the 
pulley, which may be of any convenient size ; for a small motor the 
brake may be clamped directly upon the shaft, but for a large 
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one a pulley of considerable size is needed, and a special arrange- 
ment of levers is used instead of a cord. 


The efficiency of the motor is now found by dividing the effec- 
tive work per second by the theoretic work per second. Let K 
be this theoretic work, which is expressed by Wh, where W and 
h are determined by the methods of Arts. 147 and 148 ; then 


e=k/K or e=hp/HP 


The work measured by the friction brake is that delivered at the 
circumference of the pulley, and does not include that power 
which is required to overcome the friction of the shaft upon its 
bearings. The shaft or axis of every water-wheel must have at 
least two bearings, the friction of which consumes probably about 
2 or 3 percent of the power. The hydraulic power and efficiency 
of the wheel, regarded as a user of water, are hence 2 or 3 percent 
greater than the values computed from above formulas. For 
example, let P=12.5 pounds, /=14.31 feet, and N=635, then 
21.6 horse-powers are in total delivered by the wheel, of which 
about 0.6 horse-power is consumed in shaft friction. 


There are in use various forms and varieties of the friction brake, 
but they all act upon the principle and in. the manner above described. 
For large wheels they are made of iron, and almost completely encircle 
the pulley ; while a special arrangement of levers is used to lift the large 
weight P.* If the work transformed into friction be large, both 
the brake and the pulley may become hot, to prevent which a stream 
of cool water is allowed to flow upon them. To insure steadiness of 
motion, it is well that the surface of the pulley should be lubricated, 
which for a wooden brake is well done by the use of soap. It is impor- 
tant that the connection of the cord to the brake should be so made 
that the lever-arm / increases when the brake moves slightly with the 
wheel; if this is not done, the equilibrium will be unstable and the 
wheel will be apt to cause the brake to revolve with it. 


Prob. 149. Find the power and efficiency of a motor when the theoretic 
energy is 1.38 horse-power, which makes 670 revolutions per minute, the 
weight on the brake being 2 pounds 14 ounces and its lever-arm 1.33 feet. 


* Thurston, in Transactions American Society of Mechanical Engineers, 
1886, vol, 8, p. 359. 
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Art. 150. TxEsts oF TURBINE WHEELS 


The following description of a test of a 6-inch Eureka turbine, 
made in 1888 at the hydraulic laboratory of Lehigh University, 
may serve to exemplify the methods of the preceding articles. 
The water was measured by a weir from which it ran into a verti- 
cal penstock 15.98 square feet in horizontal cross-section. This 
plan of having the weir above the wheel is not a good one, but it 
was here adopted on account of lack of room below the turbine. 
When a constant head was maintained in the penstock, the quan- 
tity of water flowing through the wheel was the same as that pass- 
ing the weir; if, however, the head in the penstock fell « feet per 
minute, the flow through the wheel in cubic feet per minute was 
60g + 15.98%, in which q is the discharge per second over the 
weir. As the supply of water was very limited, the wheel could 
not be run to its fully capacity. The level of water in the pen- 
stock was read upon a head gage consisting of a glass tube behind 
which a graduated scale was fixed, the zero of which was a little 
above the water level in the tail race. The latter level was read 
upon a fixed graduated scale having its zero in the same horizon- 
tal plane as the first; these readings were hence essentially nega- 
tive. The head upon the wheel is then found by adding the read- 
ings of the two gages. 


The vertical shaft of the turbine, being about 15 feet long, 
was supported by four bearings, and to a small pulley upon its 


Time Pets | Tattace | Revie | Wet 
April 13, Gage Gage Brake Remarks 


al Ee Hees Pounds 


are, ae 15 2.5 
18 LET? apis 


Length of weir, 
b = 1.900 feet. 
Length of lever- 
arm on brake, 
p= 1.43 0tects 
Gate of wheel ? 
open during all ex- 
periments. 


19 Taipan 2.5 
20 II.10 2.5 


22™m 10.81 3.0 
23 10.69 3.0 
24 10.62 3.0 
25 10.57 3.0 
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upper end was attached the friction dynamometer, as described 
in the last article. The number of revolutions was read from a 
counter placed in the top of this shaft. The observations were 
taken at minute intervals, electric bells giving the signals, so 
that precisely at the beginning of each minute simultaneous read- 
ings were taken by observers at the weir, at*the head gage, at 
the tail gage, and at.the counter, the operator at the brake con- 
tinually keeping it in equilibrium with the resisting weight in the 
scale-pan by slightly tightening and loosening the nuts as required. 
The above shows notes of all the observations of two sets of tests, 
each lasting three minutes, the weight in the scale-pan being 
different in the two sets. 


The following are the results of the computations made from 
the above notes for each minute interval. The second column 
is derived from formula (63),, using the coefficient corresponding 
to the given length of weir and depth on crest. The third column 
is obtained by taking the differences of the observed readings of 
the penstock head gage. The fourth column gives the discharge 


Discharge Flow Theoretic | Effective 
Interval — OVER Fall in through Head oa Horse- Horse- 
of Weir Penstock Wheel Wheel power of | power of 
Time Cubic Feet Bee Cubic Feet ores Rie the 
Der Det Water Wheel 
Minute Minute 


Efficiency 
of the 
Wheel 

Percent 


17™ to 18™ | 58.49 50-77 Tes 33-6 


18 to 19 58.66 59.30 274 33-4 
1g to 20 58.40 - 58.97 1.2 34-3 


ge tol23™ || 58.05 60.13 4 Boat 
23 to24 | 58.05 59-17 36.3 
24 to 25 57.88 58.68 30.5 


Q through the wheel found as above explained. The fifth column 
is the mean head /.on the wheel during the minute, as derived from 
the observed readings of head and tail gage. The sixth column 
is found by formula (146)2, using for W its value g5wQ, in which 
w is taken at 62.4 pounds per cubic foot. The seventh column 
is computed from formula (149)2; and the last column is found 
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by dividing the numbers in the seventh by those in the sixth 
column. 

These results show that the mean efficiency of the wheel and 
shaft under the conditions stated was about 35 percent; this low 
figure being due to the circumstance that the gate was not fully 
opened. It is also seen that the mean efficiency of the second set 
is 2.2 percent greater than that of the first set; this is due to 
the lower speed, and with still lower speeds the efficiency was found 
to be lower, so that a speed of about 535 revolutions per minute 
gives the maximum efficiency. 

The work of Francis on the experiments made by him at 
Lowell, Mass., will always be a classic in American hydraulic 
literature, for the methods therein developed for measuring the 
theoretic power of a waterfall and the effective power utilized 
by the wheel are models of careful and precise experimentation.* 
In determining the speed of the wheel he used a method somewhat 
different from that above explained, namely, the counter attached 
to the shaft was connected with a bell which struck at the com- 
pletion of every 50 revolutions; the observer at the counter had 
then only to keep his eye upon the watch, and to note the time at 
certain designated intervals, say at every sixth stroke of the 
bell. The number of revolutions per second was then obtained 
by dividing the number of revolutions in the interval by the num- 
ber of seconds, as determined by the watch. This method re- 
quires a stop-watch in order to do good work, unless the observer 
be very experienced, as an error of one second in an interval of 
one minute amounts to 1.7 percent. 


At Holyoke, Mass., there is a permanent flume for testing 
turbines arranged with a weir which can be varied up to lengths of 
20 feet, so as to test the largest wheels which are constructed. 
As the expense of fitting up the apparatus for testing a large tur- 
bine at the place where it is to be used is often great, it is some- 
times required in contracts that the wheel shall be sent to a place 
where a special outfit for such work exists. The wheel is mounted 
in the testing flume, and there, by the methods explained in the 


* Lowell Hydraulic Experiments, 1st Edition, 1855; 4th, 1883. 
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preceding articles, it is run at different speeds in order to deter- 
mine the speed which gives the maximum efficiency as well as the 
effective power developed at each speed. As the efficiency of a 
turbine varies greatly with the position of the gate which admits 
the water to it, tests are made with the gate fully opened and at 
various partial openings. The results thus obtained are not only 
valuable in furnishing full information concerning the effective 
power and efficiency of the wheel, but they also convert the turbine 
into a water meter, so that when running under the same head as 
during the tests, the quantity of water which passes through it 
per second can at any time be closely ascertained by noting the 
number of revolutions per second. 


The following gives the results of the tests of an 80-inch outward- 
flow Boyden turbine, made at Holyoke in 1885, the gate being fully 
opened in each experiment. The heads in the second column were 
derived from the head and tail race gages, these being arranged so 


Head Revolutions Discharge 
Number 5 i per Cubic Feet Horse-power 
mnHieet Minute per Second 


Efficiency 
Percent 


17.16 63.5 I17.01 75.85 
722i 70,0 118.37 76.00 


17.33 75.0 119.53 76.11 
17.34 80.0 I21.15 74.92 
Tey 86.0 122.41 74.81 
A 93.2 124.74 72.54 
17.19 100.0 WTS} 67.51 


that one observer could directly read the difference. The numbers 
in the third column were found by dividing the total number of revo- 
lutions during the experiment by its length in minutes; those in the 
fourth by the weir formula (63),; those in the fifth by (149), from 
the records of the friction dynamometer; and those in the last column 
were computed by (146);. It is seen that the discharge always in- 
creased with the speed of the wheel, and the reason for this is explained 
in Art. 166. The maximum efficiency of 76.6 percent occurred at 70 
revolutions per minute; and for 100 revolutions per minute the effi- 
ciency was lowered to 67.7 percent, notwithstanding that the quantity 
of water passing through the wheel was much greater. 
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Prob. 150. Compute the theoretic horse-power and the efficiency for 
the above experiments, Nos. 15 and 21, on the large Boyden outward-flow 


turbine. 


Art. 151. FAcTS CONCERNING WATER POWER 


The number of horse-powers generated by water-wheels and 
turbines and used in manufacturing establishments in the United 
States was I 130 431 in 1870, 1 225 379 in 1880, 1 263 343 in 1890, 
and 1 727 258 in 1900; these figures do not include the electric 
power derived from water. In 1908 * the total development 
was 5356680 horse-powers in 52827 wheels and turbines. 
Since 1890 there has been a large development of water power 
in connection with electric light and trolley service, and this 
development promises to attain great proportions during the 
twentieth century. It has been estimated that the rivers of the 
United States can furnish about 212 000 000 horse-powers, so that 
the possibilities for the future are almost unlimited. 


Water power is sometimes sold by what is called the “mill 
power,” which may be roughly supposed to be such a quantity 
as the average mill requires, but which in any particular case must 
be defined by a certain quantity of water under a given head. 
Thus at Lowell the mill power is 30 cubic feet per second under 
a head of 25 feet, which is equivalent to 85.2 theoretic horse- 
power. At Minneapolis it is 30 cubic feet per second, under 22 
feet head, or 75 theoretic horse-power. At Holyoke it is 38 cubic 
feet per second under 20 feet head, or 86.4 theoretic horse-power. 
This seems an excellent way to measure power when it is to be 
sold or rented, as the head in any particular instance is not subject 
to much variation; or if so liable, arrangements must be adopted 
for keeping it nearly constant, in order that the machinery in the 
mill may be run at a tolerably uniform rate of speed. Thus 
nothing remains for the water company to measure except the 
water used by the consumer. ‘The latter furnishes his own motor, 
and is hence interested in securing one of high efficiency, that he 
may derive the greatest power from the water for which he pays. 
The perfection of American turbines is undoubtedly largely due 


* Water Supply and Irrigation Paper, No. 234. 
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to this method of selling power, and the consequent desire of the 
mill owners to limit their expenditure for water. The turbine 
itself, when tested and rated, becomes a meter by which the com- 
pany can at any time determine the quantity of water that passes 
through it. 

- A common method of selling the power which is generated 
by turbines is by the nominal horse-power of the wheel as stated 
in the catalogue of the manufacturer. The seller fixes a price per 
annum for one horse-power on this basis, and the buyer furnishes 
his own wheel. By this method no controversy can arise regard- 
ing the amount of water used, for the purchaser has the right to 
use all that can pass through the turbine. The head to be used 
for finding the nominal horse-power is the mean head which can 
be utilized by the wheel, and this must be agreed upon in advance 
between the parties. 


The power of electric generators is usually expressed in kilo- 
watts. One English horse-power is 0.746 kilowatts, and one 
metric horse-power is 0.736 kilowatts. One kilowatt is 1.340 
English horse-powers or 1.360 metric horse-powers. The eff- 
ciency of a good electric generator is about 95 percent, so that it 
delivers 95 percent of the work imparted to it by the turbine 
wheel; if the efficiency of this wheel is 75 percent, the combined 
efficiency of the hydraulic and electric plant is 71 percent. Elec- 
tric power is usually sold by the kilowatt-hour, this being meas- 
ured by a wattmeter. 


The available power of natural waterfalls is very great, but it is 
probably exceeded by that which can be derived from the tides and ° 
waves of the ocean. Twice every day, under the attraction of the 
sun and moon, an immense weight of water is lifted, and it is theoret- 
ically possible to derive from this a power due to its weight and lift. 
Continually along every ocean beach the waves dash in roar and foam, 
and energy is wasted in heat which by some device might be utilized 
in power. The expense of deriving power from these sources is indeed 
greater than that of the water wheel under a natural fail, but the time 
may come when the profit will exceed the expense, and then it will cer- 
tainly be done. Coal and wood and oil may become exhausted, but 
as long as the force of gravitation exists, and the ocean remains upon 
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which it can act, power, heat, and light can be generated in unlimited 
quantities. 


Prob. 151a. Deduce the simple and useful rule that one inch of rainfall 
per hour is, very nearly, equivalent to one cubic foot per second per acre. 


Prob. 1516. Find the theoretic horse-power of a plant where 1200 cubic 
feet of water per second is used under a total head of 49.5 feet. If the 
efficiency of the approaches is 99 per cent, the efficiency of the turbines 
76 percent, and the efficiency of the dynamos 96 percent, what power in 
kilowatts is delivered ? 

Prob. 151c. What is the theoretic metric horse-power of a plant where 
112 cubic meters of water per second are used under a head of 23.5 meters ? 
If the efficiencies of the approaches, turbines, and electric generators are 
98.5, 74.3, and 97.5 percent, respectively, compute the number of metric 
horse-powers delivered, and also the power in kilowatts. 


Prob. 151d. When a turbine is tested by a friction dynamometer, show 
that its power in kilowatts is 0.oo103N PI, if P be the load on the brake in 
kilograms, / its lever-arm in meters, and N the number of revolutions per 
minute. When N = 200, P = 250 kilograms, and / = 2.01 meters, what 
electric power is delivered by a dynamo attached to the turbine when the 
efficiency of the dynamo is 97.2 percent ? 


Prob. 15le. The hectare-meter is a convenient unit for estimating 
large quantities of water in irrigation and water-supply work. Show that 
one hectare-meter is 10 000 cubic meters. Show that roo centimeters of 
rainfall falling in one month is, very nearly, 0.004 cubic meters per second 
per hectare. 
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CHAPTER 12 
DYNAMIC PRESSURE OF WATER 


Art. 152. DEFINITIONS AND PRINCIPLES 


The pressures exerted by moving water against surfaces which 
change its direction or check its velocity are called dynamic, 
and they follow very different laws from those which govern the 
static pressures that have been discussed and used in the preceding 
chapters. A static pressure due to a certain head may cause a 
jet to issue from an orifice; but this jet in impinging upon a 
surface may cause a dynamic pressure less than, equal to, or 
greater than that due to the head. A static pressure at a given 
point in a mass of water is exerted with equal intensity in all direc- 
tions; but a dynamic pressure is exerted in different directions 
with different intensities. In the following chapters the words 
“ static” and “dynamic ” will generally be prefixed to the word 
“pressure,” so that no confusion may result. 


The dynamic pressure exerted by a stream flowing with a 
given velocity against a surface at rest is evidently equal to that 
produced when the surface moves in still water with the same 
velocity. This principle was applied in Art.40 in rating the 
current meter, the vanes of which move under the impulse of the 
impinging water. The dynamic pressure exerted upon a moving 
body by a flowing stream depends upon.the velocity of the body 
relative to the stream. 

The “impulse” of a jet or stream of water is defined as the 
dynamic pressure which it is capable of producing in the direction 
of its motion when its velocity is entirely destroyed in that direc- 
tion. This can be done by deflecting the jet normally sidewise by 
a fixed surface; when the surface is smooth, so that no energy 
is lost in frictional resistances, the actual velocity remains un- 
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altered, but the velocity in the original direction has been ren- 
dered null. In Art. 27 it is shown that the theoretic force of 
impulse of a stream of cross-section a and velocity 7 is 
v v v? 

f= Whe = 09 5 eas: (152) 
in which W and q are the weight and volume delivered per second, 
and w is the weight of one cubic unit of water. This equation 
shows that the dynamic pressure that may be produced by im- 
pulse is equal to the static pressure due 
to twice the head corresponding to the 
velocity v. It would then be expected, 
when two equal orifices or tubes are 
placed exactly opposite, as in Fig. 125, 
and a loose plate is placed verti- 
cally against one of them, that the 
dynamic pressure upon the plate caused 
by the impulse of the jet issuing from A 
under the head # would balance the static pressure caused by 
the head 24. This conclusion has been confirmed by experiment, 
for a tube A which has a smooth inner surface and rounded 
inner edges so that its coefficient of discharge is unity. 


The reaction of a jet or stream is the backward dynamic 
pressure, in the line of its motion, which is exerted against a 
vessel out of which it issues, or against a surface away from which 
it moves. This is equal and opposite to the impulse, and the 
equation above given expresses its value and the laws which 
govern it. The expression for the reaction or impulse F in (152) 
may be also proved as follows: The definition by which forces 
are compared with each other is, that forces are proportional to 
the accelerations which they can produce. The weight W, if 
allowed to fall, acquires the acceleration g; the force F which can 
produce the acceleration v is hence related to W and g by the 
equation F/W = 9/g, and accordingly F = W - o/g. 

The forces of impulse and reaction do not really exist in a stream 
flowing with constant velocity and direction, although F indicates 
the force that was exerted in putting the stream into motion and the 
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force that is required to stop it. When the direction of the stream is 
changed by opposing obstacles, the impulse and reaction produce 
dynamic pressure; if, in making this change, the absolute velocity is 
retarded, energy is converted into work. Impulse and reaction are of 
practical value, because the resulting dynamic pressures may be uti- 
lized for the production of work. For this purpose water is made 
to impinge upon moving vanes, which alter both its direction 
and velocity, thus producing a dynamic pressure P, which overcomes 
in each second an equal resisting force through the space u. The work 
done per second is then k = Pu, and it is the object in designing a hy- 
draulic motor to make this work as large as possible; for this purpose, 
the most advantageous values of P and w are to be selected. 


The word “impact” is sometimes popularly used to designate 
impulse or pressure, but in hydraulics it refers to those cases where 
energy is lost in eddies and foam, as when a jet impinges into water 
or upon a rough plane surface. Impact is not defined in algebraic 
terms, but the energy lost in impact may be so defined and computed. 
When the energy of a stream of water is to be utilized, losses due to 
impact should be avoided. Whenever impact occurs, kinetic energy 
is transformed into heat. 

Prob. 152. When a jet is one inch in diameter, how many gallons 
per second must it deliver in order that its impulse may be roo pounds ? 


Art. 153. EXPERIMENTS ON IMPULSE AND REACTION 


A simple device by which the dynamic pressure P exerted 
upon a surface by the impulse and reaction of a jet that glides 
over it can be directly weighed is 
shown in Fig.153a. It consists 
merely of a bent lever supported 
on a pivot at O, and having a plate 
A attached at the lower end of the 
vertical arm upon which the stream 
impinges, while weights applied at 
the end of the other arm measure 
the dynamic pressure produced by the impulse. By means of an 
apparatus of this nature, experiments have been made by Bidone, 
Weisbach, and others, the results of which will now be stated. 


Fig. 153a. 
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When the surface upon which the stream impinges is a plane 
normal to the direction of the stream, as shown at A, the dynamic 
pressure P closely agrees with that given by the theoretic formula 


for F in the last article, namely, 
2 


v v 
P= Ds = Ay, (153) 
being about 2 percent greater according to Bidone, and about 
4 percent less according to Weisbach. The actual value of P 
was found to vary somewhat with the size of the plate, and with 
its distance from the end of the tube from which the jet issued. 


When the surface upon which the stream impinges is curved, 
as at B, or so arranged that the water is turned backward from 
the surface, the value of the dynamic pressure P was found to be 
always greater than the theoretic value, and that it increased 
with the amount of backward inclination. When a complete 
reversal of the original direction of the water was obtained, as 
at C, it was found that P, as measured by the weights, was nearly 
double the value of that against the plane. This is explained by 
stating that as long as the direction of the flow is toward the sur- 
face the dynamic pressure of its impulse is exerted upon it, but 
when the water flows backward away from the surface, the 
dynamic pressure due to both impulse and reaction is then 
exerted upon it. The sum of these is 


2) 
P=F+F=2W2 =4wae 
g 28 


which agrees with the results experimentally obtained. 


An experiment by Morosi * shows clearly that the dynamic 
pressure against a surface may be increased still further by the 
device shown in Fig. 1536, where the stream is made to perform 
two complete reversals upon the surface. He found that in this 
case the value of the dynamic pressure was 3.32 times as great 
as that against a plane, for P = 3.32 F, whereas theoretically the 
3.32 should be 4. In this case, as in those preceding, the water in 
passing over the surface loses energy in friction and foam, so that 


* Ruhlman’s Hydromechanik (Hannover, 1879), p. 586. 
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its velocity is diminished, and it should hence be expected that 
the experimental values of the dynamic pressures would be less 
than the theoretic values, as in general they are 
found to be. ») 
5 ; : . LEE 
While the experiments here briefly described _ZeEx 
thoroughly confirm the results of theory, they ie 
further show it is the change in direction of the = 
velocity when in contact with the surface which ae 
produces the dynamic pressure. If the stream 
strikes normally against a plane, the direction of its velocity is 
changed 90°, and this is the same as the entire destruction of 
the velocity in its original direction, so that the dynamic pres- 
sure P should agree with the impulse F. This important princi- 
ple of change in direction will be theoretically exemplified later. 


Fig. 1530. 


The dynamic pressure which is produced by the direct reaction 
of a stream of water when issuing from a vertical orifice in the 
side of a vessel was measured by Ewart with 
the apparatus shown in Fig. 153c, which will 
be readily understood without a detailed de- 
scription. The discussion of these experi- 
ments made by Weisbach * shows that the 
measured values of P were from 2 to 4 per- 
cent less than the theoretic value F as given 
by (153), so that in this case, also, theory and 
observation are in accordance. 


An experiment by Unwin,t illustrated in Fig. 153d, is very 
interesting, as it perhaps explains more clearly than formula (152) 
why it is that the dynamic pressure 
due to impulse is double the static 
pressure. Two vessels having con- 
verging tubes of equal size were 
placed so that the jet from A was 
directed exactly into B. The head in 
A was kept uniform at 20% inches, Fig. 153d. 


Fig. 153c. 


* Theoretical Mechanics, Coxe’s translation, vol. 1, p. 1004. 
{ Encyclopedia Britannica, 9th Edition, vol. 12, p. 407. 
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when it was found that the water in B continued to rise until a 
head of 18 inches was reached. All the water admitted into A 
was thus lifted in B by the impulse of the jet, with a loss of 23 
inches of head, which was caused by foam and friction. If 
such losses could be entirely avoided, the water in B might 
be raised to the same level as that in A. In the case shown in 
the figure where the water overflows from B, the impulse of the 
jet has not only to overcome the static pressure due to the 
head hf, but also to furnish the dynamic pressure equivalent to 
a second head / in order to raise the water through that height. 
But the level in B can never rise higher than in .A, for the 
velocity-head of the jet cannot be greater than that of the static 
head which generates it. 

Prob. 153. Accepting as an experimental fact that the force of impulse 


or reaction is double the static pressure, show that the theoretic velocity 
of flow is V 2gh. 


Art. 154. SurFaces AT REST 


Let a jet of water whose cross-section is @ impinge in perma- 
nent flow with the uniform velocity v upon a surface at rest. Let 
the surface be smooth, so that no resisting force of friction exists, 
and let the stream be prevented from spreading laterally. The 


water then passes over the surface, and leaves it with the original 
velocity v, producing upon it a dynamic pressure whose value 
depends upon its change of direction. At B in Fig. 154a the 
stream is deflected normal to its original direction, and at D 
a complete reversal is effected. Let @ be the angle between the 
initial and final directions, as shown. It is required to determine 
the dynamic pressure exerted upon the surface in the same direc- 
tion as that of the jet. In the above figures, as in those that follow, 
the stream is supposed to lie in a horizontal plane, so that no 
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acceleration or retardation of its velocity will be produced by 
the action of gravity. 

The stream entering upon the surface exerts its impulse F 
in the same direction as that of its motion; leaving the surface, 
it exerts its reaction F in - 
opposite direction to that - he Ain 
Oisitecmouon,, Lemrope ~" | ° . —---- eA aes ee a 


the dynamic pressure thus Bee 
produced in the direction _ Ps. vo 
of the initial motion, F; a Y z 


the component of the re- 
action F in the same direc- 
tion. Then 


Fig. 1540. 


P=F-—F,= F(t —cos@) 


and inserting for F its value as given by (152), 
P =(1—cos 0) W (154), 


which is the formula for the dynamic pressure in the direction 
of the impinging jet. If in this 6 = o°, the stream glides along 
the surface without changing its direction, and P becomes zero ; 
if @ is go°, the resulting dynamic pressure is 


P=F=w2 
g 


and if @ becomes 180°, a complete reversal of direction is obtained, 
and the resulting dynamic pressure that is exerted by the jet 
against the surface is 

Feet 


These theoretic conclusions agree with the experimental results 
described in the last article. In the deduction of (154); the angle 
6 has been regarded as less than 90°, but the same formula results 
if @ be considered greater than go°, since then the sign of the 
reaction F is positive. 


The resultant dynamic pressure exerted upon the surface is 
found by combining by the parallelogram of forces the impulse F 
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and the equal reaction F. In Fig. 1540 it is seen that this resul- 
tant bisects the angle 180 — 6, and that its value is 

P' = 2F cos}(180 — @) = 2 sinZ@- ie 

It is usually, however, more important to ascertain the pressure 

in a given direction than the resultant. This can be found by 

if eee taking the component of the resultant in that 

re “6, direction, or by taking the algebraic sum of 


— the components of the initial impulse and the 
eee ai final reaction. 
ue oe To find the dynamic pressure P in a di- 


ee rection which makes an angle « with the 
F entering and the angle 6 with the departing 
stream, the components in that direction are 


P, =F cosa P, =—F cosé 


and the algebraic sum of these two components is 


P = F (cosa — cos@) = (cose — cos6) Yes (154). 


Fig. 154c. 


This becomes equal to F when « = 0 and @ = go’, as at B in 
Fig. 154a, and also when « = go° and @ = 180°. When a = 0° 
and 6 = 180° the entering and departing streams are parallel, as 
at D in Fig. 154a, so that the value of P is 2, which in this case 
is the same as the resultant pressure. 


The formulas here deduced are entirely independent of the form 
of the surface, and of the angle with which the jet enters upon it. 
It is clear, however, if, as in the planes in Fig. 154a, this angle is 
such as to allow shock to occur, that foam and changes in cross-sec- 
tion may result which will cause energy to be dissipated in heat. 
These losses will diminish the velocity v and decrease the theoretic 
dynamic pressure. These effects cannot be formulated, but it is a 
general principle, which is confirmed by experiment, that they may 
be largely avoided by allowing the jet to impinge tangentially upon 
the surface. 


In all the foregoing formulas the weight W which impinges upon 
the surface per second is the same as that which issues from the orifice 
or nozzle that supplies the stream, or 


W = wq = wav 
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To find W it is hence necessary to use the methods of the preceding 
chapters to determine either the discharge g or the mean velocity ». 


Prob. 154. If F is to pounds, « = 0°, and 6 = 60°, show that the pres- 
sure parallel to the direction of the jet is 5 pounds, that the pressure normal 


to that direction is 8.66 pounds, and that the resultant dynamic pressure is 
Io pounds. 


Art. 155. Immersep Bopres 


When a body is immersed in a flowing stream, or when it is 
moved in still water, so that filaments are caused to change their 
direction, a dynamic pressure is exerted by the stream or overcome 


~\ >» oS) S a 
Fig. 155. 


by the body. It is to be inferred from what has preceded that 
the dynamic pressure in the direction of the motion is proportional 
to the force of impulse of a stream which has a cross-section equal 


to that of the body, or és 
P=m-wa~- 
28 


in which m is a number depending upon the length and shape of 
the immersed portion, and whose value is 2 for a jet impinging 
normally upon a plane. 


Experiments made upon small plates held normally to the 
direction of the flow show that the value of m lies between 1.25 
and 1.75, the best determinations being near 1.4 and 1.5. It is 
to be expected that the dynamic pressure on a plate in a stream 
would be less than that due to the impulse of a jet of the same 
cross-section, as the filaments of water near the outer edges are 
crowded sideways in the latter case and hence do not impinge 
with full normal effect, and the above results confirm this sup- 
position. The few experiments on record were made with small 
plates, mostly less than 2 square feet in area, and they seem to 
indicate that the value of the coefficient m is greater for large 
surfaces than for small ones, 
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The determination of the dynamic pressure upon the end of 
an immersed cylinder or prism is difficult because of the resisting 
friction of the sides; but it is well ascertained to be less than that 
upon a plane of the same area, and within certain limits to de- 
crease with the length. For a conical or wedge-shaped body the 
dynamic pressure is less than that upon the cylinder, and it is 
found that its intensity is much modified by the shape of the rear 
surface of the body. 


When a body is so shaped as to gradually deflect the filaments 
of water in front, and to allow them to gradually close in again 
upon the rear, the impulse of the front filaments upon the body 
is balanced by the reaction of those in the rear, so that the resul- 
tant dynamic pressure is zero. The forms of boats and ships 
should be made so as to obtain this result as nearly as possible, 
and then the propelling force has only to overcome the frictional 
resistance of the surface upon the water. A body so shaped is 
said to have a “fair form” (Art. 183). 


The dynamic pressure produced by the impulse of ocean 
waves striking upon piers or lighthouses is often very great. 
The experiments of Stevenson on Skerryvore Island, where the 
waves probably acted with greater force than usual, showed that 
during the summer months the mean dynamic pressure per square 
foot was about 600 pounds, and during the winter months about 
2100 pounds, the maximum observed value being 6100 pounds. 
At the Bell Rock lighthouse the greatest value observed was 
about 3000 pounds per square foot. The observations were made 
by allowing the waves to impinge upon a circular plate about 6 
inches in diameter, and the pressure produced was registered by 
the compression of a spring. Such high unit-pressures do not 
probably act upon large areas of masonry which are exposed to 
wave action.* 


Prob. 155. Compute the probable dynamic pressure upon a surface 
t foot square when immersed in a current whose velocity is 9 feet per second, 
the direction of the current being normal to the surface. 


* Cooper on Ocean Waves, in Transactions American Society Civil 
Engineers, 1896, vol. 36, p. 150. 
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Art. 156. CurvED Pipes Anp CHANNELS 


The dynamic pressures discussed in the preceding article 
have been those caused by jets, or isolated streams, of water. 
There is now to be considered the case of dynamic pressures 
caused by streams flowing in pipes, conduits, or channels of any 
kind; these are sometimes called limited or bounded streams, 
the boundary being the surface whose cross-section is the wetted 
perimeter. When such a stream is straight and of uniform sec- 
~ tion, and all its filaments move with the same velocity v, the im- 
pulse, or the pressure which it can produce, is the quantity F 
given by the general expression in Art. 152; under these conditions 
it exerts no dynamic pressure, but if a body be immersed and 


Fig. 156a. 


held stationary, pressure is produced upon it. If its direction 
changes in an elbow or bend, pressure upon the bounding surface 
is produced; if its cross-section increases or decreases, pressure 
is developed or absorbed. 


The resultant dynamic pressure P’ upon a curved pipe which: 
runs full of water with the uniform velocity v depends upon the 
angle @ between the initial and final directions, and must be the 
same as that produced upon a surface by an impinging jet which 
passes over it without change in velocity. The formula of Art. 
154 then directly applies, and 

P’ =2sini0 - F = 2sin30- we 
if 0 = 0°, there is no bend, and P’ = 0; if @ = 180°, the direc- 
tion of flow is reversed, and P’ = 2F. If the direction is twice 
reversed, as at C in Fig. 156a, the value of 6 is 360°, and the re- 
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sultant is the initial impulse 7 minus the final reaction F, or simply 
zero; in this case, however, there may be a couple which tends 
to twist the pipe, unless the impulse and reaction lie in the same 
straight line. 


The dynamic pressure developed in a unit of length of the curve 
will now be found. Let the pipe at A in Fig. 156a have the length 
8i, and let 6 be nearly o°, so that its value is the elementary angle 
39. Then in the above formula P’ becomes the elementary radial 
pressure 5P,, and 

SP, = 2 sin }.80- F = Fd0 
Now since 89 = 8//R, where R is the radius of the curve, the dynamic 
pressure developed in the distance 81 is F8l/R, and that for a unit of 
length is F/R. Accordingly, by Art. 153, this pressure is 


F _2wa v* 
P. aS SS 
Te BED g 
The unit-pressure p’ is found by dividing P, by a, and the correspond- 
ing head /, is found by dividing p’ by w; hence 


7 2w oP a) Br 

? = eee and hy ne 

are the values for one unit of length of the curve. The dynamic 
pressure-head / is developed in every unit of length of the pipe. It 
is not known how these influence the static pressure or how they affect 
piezometers. Nor is it known whether they combine so that the dy- 
namic pressure becomes greater with the distance from the beginning 
of the curve. Undoubtedly, however, a part of h, is expended in 
causing cross-currents whereby impact results and some of the static 
head is lost. This loss should be proportional to /, and proportional 
to the length / of the curve, or, if d is the diameter of the pipe, 


L v ay hw l v2 
"= ke jes . = 
*R 2g aye d 2g ‘d 2g 


in which the curvature factor f; depends upon the ratio R/d. This 
investigation appears to indicate that pipes of the same diameter and 
of different curvatures give the same logs of head, if the central angle 
is the same; but, as seen in Art. 91, certain experiments seem to point 
to the conclusion that the loss per linear unit is greatest in the pipe 
having the longest radius. 
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The same reasoning applies approximately to the curves of 
_ conduits, canals, and rivers. In any length / there exists a radial 
dynamic pressure P;, acting toward the outer bank and causing 
currents in that direction, which, in connection with the greater 
velocity that naturally there exists, tends to deepen the channel 
on that side. This may help to explain the reason why rivers run 
in winding courses. At first the curve may be slight, but the 
radial flow due to the dynamic 
pressure causes the outer bank 
_ to scour away; this increases 
the velocity v. and decreases 7 
(Fig. 1565), and this in turn 


hastens the scour on the outer : 
and allows material to be de- f Lael aay Q | 
posited on the inner side. Thus "1 DLs cae 


the process continues until a Fig. 1560. 

state of permanency is reached, 

and then the existing forces tend to maintain the curve. The 
cross-currents which the radial pressure produces have been 
actually seen in experiments devised by Thomson,* and it is 
found that they move in the manner shown in the above figure, 
the motion toward the outer bank being in the upper part of the 
section, while along the wetted perimeter they flow toward the 
inner bank. When the slope is small and the mean velocity 
low, the influence of the cross-currents is relatively greater than 
for higher slopes, and this is probably one of the reasons why 
the sharpest curves are found in streams of slight slope. Per- 
haps another reason for this is that at very low velocities the law 
of flow is different, the head varying as the first power of the 
velocity (Art. 124). 

The elevation of the water on the outer bank of a bend is 
higher than on the inner. This is only a partial consequence of 
the radial dynamic pressure, as in straight streams it is also seen 
that the water surface is curved, the highest elevation being where 
the velocity is greatest. In this case cross-currents are also ob- 


* Proceedings Royal Society of London, 1878, p. 356. 
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served which move near the surface toward the center of the 
stream, and near the bottom toward the: banks, their motion 
being due to the disturbance of the static pressure consequent 
upon the varying water level. 


Prob. 156. The mean velocity in a pipe is g feet per second. If it be 
laid on a curve of 3 feet radius, show that the dynamic pressure-head for 
each foot in length of the pipe is 0.84 feet. If the radius of the curve be 6 
feet, what is the dynamic pressure-head ? What is the dynamic pressure- 
head for each case when the mean velocity is 3 feet per second ? 


Art. 157. WATER HAMMER IN PIPES 


When a valve in a pipe is closed while the water is flowing, 
the velocity of the water is retarded as the valve descends, and 
thus a dynamic pressure is produced. When the valve is closed 
quickly, this dynamic pressure may be much greater than that due 
to the static pressure, and it is then called ‘water hammer” or 
“water ram.” Pipes have often been known to burst under this 
cause, and hence the determination of the maximum dynamic 
pressure of the water hammer is a matter of importance. Fig. 
157a illustrates the phenomena of water hammer for the closing 
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Fig. 157. 


of a valve at the end of a pipe where the water issues through a 
nozzle. At the entrance there is supposed to be a gage which 
registers the static unit-pressure p; while the flow is in progress, 
and the static unit-pressure py) when there is no flow. The ab- 
scissas represent time, and at B the valve begins to close. After 
a short interval of time BC the gage registers the unit-pressure 
Cc; after another short interval the unit-pressure has decreased 
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to Dd, and a series of oscillations follows until finally the dis- 
_ turbance ceases. A diagram of this kind may be autographically 
drawn by suitable mechanism connected with the pressure gage, 
and such were made in the experiments conducted by Carpenter,* 
as also in those of Fletcher. 


Let p represent the excess of maximum dynamic unit-pressure 
over the static unit-pressure when there is no flow; that is, the 
difference of the ordinates Cc and Ee. This is the excess unit- 
_ pressure due to the water hammer, and it is required to determine 
an expression for its value. It is first to be noted that the actual 
dynamic unit-pressure produced by the retardation of the veloc- 
ity is the difference of the ordinates Cc and Bd and this difference 
is p + po — fi, or simply p + fo when there is no unit-pressure 
while the flow is in progress; let this be denoted by S. Let 
a be the area of cross-section of the pipe, or the weight of a 
cubic unit of water, /’ a short length of the pipe, and v the 
velocity of the water during the flow. The kinetic energy 
’ of the water in motion is wal'v?/2g. When this water is brought 
to rest under the unit-stress S, its stress energy f is al’S?/2E, 
if E be the modulus of elasticity of the water (Art. 5). Sup- 
posing all the kinetic energy to be expended in stress energy, 
these expressions are equal, whence S = v(Ew/g)’, or 

p= o(Ew/g)’ Pi i Po (157), 
which is the formula for the maximum excess unit-pressure 
over the static pressure when there is no flow in the pipe. 

The time ¢ which elapses between the instant when the valve 
begins to close and the instant when this pressure p is felt at 
the gage must be equal to or less than al/u, where / is the length 
of the pipe and w is the velocity of sound in water. For the 
time 1/u must elapse after the valve begins to close before the 
velocity begins to be checked at the upper end of the pipe, and 
the further time of //u must elapse before the pressure can be 
transmitted back to the valve. Hence the pressure at the valve 


* Transactions American Society of Mechanical Engineers, 1894, vol. 15. 


+ Engineering News, 1808, vol. 39, D- 323- 
{ Merriman’s Mechanics of Materials (New York, 1905), p. 306. 
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is less than that given by (157)1 when the valve closes in a time 
greater than 2//u. The velocity ur for water is about 4670 
feet per second (Art. 5). 

When 2 is in feet per second, and fo, 1, and p are in pounds 
per square inch, the above formula becomes 


p = 630 + pi — Po (157)2 


which applies when the valve is closed in a time equal to or 
less than 2//u. To prevent the effects of water hammer it is 
customary to arrange valves so that the time of closing is greater 
than 2l/u. 


The elaborate experiments of Joukowsky at Moscow in 1898 * 
have fully confirmed the truth of formula (157)2. Horizontal 
pipes of 2, 4, and 6 inches diameter, with lengths of. 2494, 1050, 
and 1066 feet, were used, and the valve at the end was closed in 
0.03 seconds. Ten autographic recording gages were placed along 
the length of a pipe, and it was found that substantially the same 
dynamic pressure was produced at each, but that the time length 
of a wave was the shorter the farther the distance of a gage from 
the valve; this wave length is shown in the above figure by the 
distance BD. The following is a comparison of the observed values 


For the 4-inch Pipe / For the 6-inch Pipe 


Velocity Observed Computed Velocity Observed Computed 


0.5 31 31 4 43 38 
1.9 II5 118 5 106 118 
2.9 168 183 : 173 189 
4.1 232 258 : 369 353 
9.2 519 580 : 426 472 


of p + po — fi for a few of these experiments with the values com- 
puted from (157). It is seen that the observed are less than the 
computed values except in one instance, and Joukowsky concludes 
that, owing to the influence of the metal of the pipes, the velocity 
u with which stress is transmitted in the water is about 4200 instead 


* Stoss in Wasserleitungsréhren, St. Petersburg, tooo. Translation from 
the Memoirs of the St. Petersburg Academy of Sciences. 
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of 4670 feet per second. This conclusion may be applied in practice 
_ by using 592 instead of 630 in (157)2. 

In computing the thickness of water pipes it is customary to 
add roo pounds per square inch to the static pressure in order to 
allow for the influence of water hammer. This is equivalent, if 
px is zero, to making fo + 100 equivalent to 630; when 9 is 3 feet 
per second, then 0 is 89 pounds per square inch. Since these 
values of v and # are larger than the usual ones for a city water 
supply, the customary practice is on the safe side for this case, 
but it would not give sufficient security for the high velocities 
often used in pipe lines for power plants. When a wave of dy- 
namic pressure travels toward a dead end of a pipe, the water ham- 
mer at that end may be two or three times as great as the maximum 
pressure given by the formula. 

In the above no consideration has been given to the energy 
expended in stretching the metal of the pipe. Let d be the 
diameter and 0 the thickness of the pipe; the volume of metal 
in a length l’ is then closely dbl’, the tensile unit-stress in 
this is Sd/2b (Art. 16) and the stress energy is rdbl’(Sd/3b)?/2E1, 
where F) is the modulus of elasticity of the metal. Adding this 
to the stress energy above found for the water, equating the 
sum tothe kinetic energy, and noting that a={7a?, there is 
found a value of S, from which 

rete Ew/g 

1 + (E£/E:) (d/b) 

as was first shown by Frizell,* and this gives a smaller value of 
p than (157)1: For example let a cast-iron pipe be 24 inches 
in diameter and o.g inch thick; here 

E/E, = 300 000/15 000 000 = 1/50 
and d/b = 24/0.9 = 27, so that in (157). the number 63 is to 
be replaced by 51. There is, however, some uncertainty 
regarding the transmission of stress through pipe joints, and 
hence it is well to regard (157)2 as a limit which may be ap- 
proached but never be exceeded. 

A surge tank or stand-pipe is a vertical, open cylinder 


connected near the gate of a power plant, with the feeding pipe 
* Transactions American Society Civil Engineers, 1898, p. T. 


SR HO (157)s 
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or penstock. When the gate is quickly closed the water rises 
in the surge tank instead of expending its energy in causing 
water ram (Fig. 157c). The kinetic energy of the water in the 
feeding pipe of length J and area a is walv?/2g. When the gate 
closes the water rises in the vertical surge tank to a height 4; 
let A be its section area and D its diameter, then the weight 
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Fig. 157c. 


wAh is raised to the height 3h, so that 4wA/? is the energy of 
_ the water init. Equating these two energies there is found 
h=vVal/Ag or — h = 0(d/D)Wi/g 
for the height of the surge. Friction is here neglected, and in 
fact, the full discussion of the phenomena in the surge tank is 
very complicated. A design based on the above formula would 
be on the safe side, since friction and foam will decrease the 
theoretic height of the surge. From this formula the diameter 
D may be also computed when the height h is given. 

A surge tank with open top must have that top higher than 
the water level in the reservoir, or else overflow will occur when the 
plant is not running. When circumstances do not allow a tank of 
this height to be built, a so-called “ differential surge tank ” having 
a closed top may be used.* The surge tank, or stand-pipe, as it is 
often called, also serves the useful purpose of furnishing a supply 
of water which can be quickly drawn upon, and of preventing sudden 
changes in pressure due to changes in load on the wheels. 


*Transactions American Society of Civil Engineers, 1915, vol. 78, p. 760. 
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Prob. 157a. The pressure-head at the entrance to a nozzle is 230 feet 
_ when there is no flow and 50 feet when the water is flowing. The pipe 
is 1500 feet long and the velocity in it is 4.2 feet per second when the nozzle 
is in operation. Compute the maximum excess dynamic pressure. 


Prob. 157). A turbine operating under a total head of so feet dis- 
charges 200 cubic feet per second. The penstock or feeding pipe is 6 feet 
in diameter and its length is 2000 feet. If the diameter of the surge tank 
is to be made 18 feet, find the height of its top above the reservoir level. 


Art. 158. Movine VANES 


A vane is a plane or curved surface which moves in a given 
direction under the dynamic pressure exerted’ by an impinging 
jet or stream. ‘The direction of the motion of the vane depends 
upon the conditions of its construction; for example, the vanes 
of a water wheel can only move in a circumference around its axis. 
The simplest case for consideration, however, is that where the 
motion is in a straight line, and this alone will be considered in 
this article. The plane of the stream and vane is to be taken as 
horizontal, so that no direct action of gravity can influence the 
action of the jet. 


Let a jet with the velocity v impinge upon a vane which moves 
in the same direction with the velocity u, and let the velocity of 
the jet relative to the surface at the point v 
of exit make an angle 8 with the reverse 
direction of u, as shown in Fig. 158a. 
The velocity of the stream relative to the 
surface is v — uw, and the dynamic pres- 
sure is the same as if the surface were at 
rest and the stream moving with the ab- 
solute velocity » — uw. Hence formula (154), directly applies, 
replacing v by v — u and 6 by 180° — 8, and the dynamic pres- 
sure is 


Fig. 158a. 


v—U 
§ 


P=(1+cos8)W 


In this formula W is not the weight of the water which issues from 
the nozzle, but that which strikes and leaves the vane, or W = wa 
(v — u); for under the condition here supposed the vane moves 
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continually away from the nozzle, and hence does not receive 
all the water which it delivers. 


Another method of deducing the last equation is as follows: 
At the point of exit let lines be drawn representing the velocities 
y —u and u; then, completing the parallelogram, the line 
is the absolute velocity of the departing jet (Art. 28). Let @ be 
the angle which v, makes with the direction of wu, and 8 as before 
the angle between v — u and the reverse direction of w. Then 
the dynamic pressure on the vane is that due to the absolute 
impulse of the entering and departing streams: the former of 
these is W - v/g and the latter is W - 1 cos0/g. Hence the result- 
ant dynamic pressure in the direction of the motion of the vane 
is the difference of these impulses, or 


en ee cosO 
g 
But from the triangle between v, and u 


v1 cos@ =u— (v—u) cos8 


Inserting this, the value of the dynamic pressure is 
P=(1+.co0s8)W2— 
§ 


which is the same as that found before. If 8 = 180°, there is no 
pressure, and if 8 = 0°, the stream is completely reversed, and 
P attains its maximum value. The dynamic pressure may be 
exerted with different intensities upon different parts of the vane, 
but its total value in the direction of the motion is that given 
by the formula. 


Usually the direction of the motion is not the same as that of 
the jet. This case is shown in Fig. 1586, where the arrow marked 
F designates the direction of the impinging jet, and that marked 
P the direction of the motion of the vane, « being the angle be- 
tween them. The jet having the velocity » impinges upon the 
vane at A, and in passing over it exerts a dynamic pressure P 
which causes it to move with the velocity u. At A let lines be 
drawn representing the intensities and directions of » and u, and 
let the parallelogram of velocities be formed as shown; the line 
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V then represents the velocity of the water relative to the vane 
at A. The stream passes over the surface and leaves it at B 
with the same relative velocity V, if not retarded by friction or 
foam. At B let lines be drawn 
to represent w and V, and let 
8 be the angle which V makes 
with the reverse direction of u; 
let the parallelogram be com- 
pleted, giving 1 for the abso- 
lute velocity of the departing 
water, and let @ be the angle 
which it makes with wu. The Fig. 1580. 

total pressure in the direction 

of the motion is now to be regarded as that caused by the com- 
ponents in that direction of the initial and the final impulse of 
the water. The impulse of the stream before striking the vane 
is W -v/g and its component in the direction of the motion is 
W -vcos«/g. The impulse of the stream as it leaves the vane 
is W -v,/g and its component in the direction of the motion is 
W -v, cos0/g. The difference of these components is the result- 
ant dynamic pressure in the given direction, or 


P=wicoser cosé (158) 
g 
This is a general formula for the dynamic pressure in any given 
direction upon a vane moving in a straight line, if « and @ be the 
angles between that direction and those of vand 7. If the surface 
be at rest, v and 2 are equal and the formula reduces to (154)s. 


If it be required to find the numerical value of P, the given 
data are the velocities v and uw and the angles « and 8. The term 
2, cos6 is hence to be expressed in terms of these quantities. From 
the triangle at B between v1 and u, there is found 

v, cos6 = u — V cosB 
and substituting this, the formula becomes 


Paw woos cet V cos8 
§ 
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which is often a more convenient form for discussion. The 
value of V is found from the triangle at A between and 2, 


thus: V2=y2+ 0? — 2uv cosa 


and hence the dynamic pressure P is fully determined in terms of 
the given data. 

In order that the stream may enter tangentially upon the vane, 
and thus prevent foam, the curve of the vane at A should be tan- 
gent to the direction of V. This direction can be found by ex- 
pressing the angle ¢ in terms of the given angle «. Thus from 
the relation between the sides and angles of the triangle included 
between wu, v, and V there is found 


sin (6 — «)/sind = 4/9 


which is easily reduced to the form 


coth = cote — — 
y sine 
from which ¢ can be computed when uw, v, and @ are given. 
For example, if u be equal to $2, and if « be 30°, then cot? is 0.732, 
whence the angle ¢ should be 532°, in order that the jet may enter 
without impact. If the angle made by the vane with the direc- 
tion of motion be greater or less than this value, some loss due to 
impact will result at the given speed. 

Prob. 158. Given uw = 86.6 andv = 100.0 feet per second, and @ = 30°. 
What should be the value of the angle W in order that no loss by impact 
may occur? Draw the parallelogram showing the velocities #, v, and V. 


Art. 159. WoRK DERIVED FROM MovING VANES 


The work imparted to a moving vane by the energy of the 
impinging water is equal to the product of the dynamic pressure 
P, which is exerted in the direction of the motion and the space 
through which it moves. If u be the space described in one 
second, or the velocity of the vane, the work per second is 


k= Pu 


This expression is now to be discussed in order to determine the 
value of # which makes k a maximum. 
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) When the vane moves in a straight line in the same direction 
as the impinging jet and the water enters it tangentially, as shown 
in Fig. 1546, the work imparted is found by inserting for P its 
value from (154);. If a be the area of the cross-section of the jet 
and w the weight of a cubic unit of water, the weight W is wa 
(v — u), and. then 


eget + cose) W Pe = + cos) wa @—¥)* 
§ 


The value of « which renders & a maximum is obtained by 
equating to zero the derivative of k with respect to u, or i 


dk 
Se MET SH) =O 
from which the value of uw is $v, and accordingly 
k = 38 (1 + cosf) wa i, 
28 


is the maximum work that can be done by the vane in one 
second. The theoretic energy of the impinging jet is 
2 3 
K=W2=wor 
28 28 
and the efficiency of the vane is the ratio of the effective work 


of the vane to the theoretic energy of the water, or 

e=k/K =3,(1+cos8) 
If 8 = 180°, the jet glides along the vane without producing work 
and e = 0; if 8 = 90°, the water departs from the vane normal 
to its original direction and e = 3; if 8 = 0°, the direction of the 
stream is reversed and e = 3%. 

It appears from the above that the greatest efficiency which can 
be obtained by a vane moving in a straight line under the impulse 
of a jet of water is 44; that is, the effective work is only about 59 per- 
cent of the theoretic energy attainable. This is due to two causes: 
first, the quantity of water which reaches and leaves the vane per second 
is less than that furnished by the nozzle or mouthpiece from which the 
water issues; and, secondly, the water leaving the vane still has an 
absolute velocity of 37. A vane moving in a straight line is therefore 
a poor arrangement for utilizing energy, and it will also be seen upon 
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reflection that it would be impossible to construct a motor in which a 
vane would move continually in the same direction away from a fixed 
nozzle. The above discussion therefore gives but a rude approxima- 
tion to the results obtainable under practical conditions. It shows 
truly, however, that the efficiency of a jet which is deflected normally 
from its path is but one-half of that obtainable when a complete 


reversal of direction is made. 


Water wheels which act under the impulse of a jet consist of 
a series of vanes arranged around a circumference which by the 
motion are brought in succession before the jet. In this case the 
quantity of water which leaves the wheel per second is the same 
as that which enters it, so that W does not depend on the velocity 
of the vanes, as in the preceding case, but is a constant whose 
value is wg, where qg is the quantity furnished per second. A close 
estimate of the efficiency of a series of such vanes can be made 
by considering a single vane and taking W as a constant. The 
water is supposed to impinge tangentially and the vane to move 
in the same line of direction as the jet (Fig. 158a). Then the 
work which is imparted in one second by the water to the mov- 
ing vane is 


k =(1+ cos) weauu 
§ 


This becomes zero when wu = 0 or when uw = 2, and it is a maxi- 
mum when u = 32, or when the vane moves with one-half the 
velocity of the jet. Inserting this value of x, 


k=2+ cos8) We 
28 


and, dividing this by the theoretic energy of the jet, the effi- 
ciency of the vane is found to be 


€ = 4(1+cosf) 


When 8 = 180°, the jet merely glides along the surface without 
performing work and e = 0; when 8 = 90°, the jet is deflected — 
normally to the direction of the motion and e = 4; when 8 =0°, 
a complete reversal of direction is obtained and the efficiency 
attains its maximum value e = 1. 
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These conclusions apply closely to the vanes of a water wheel 
which are so shaped that the water enters upon them tangentially 
in the direction of the motion. If the vanes are plane radial 
surfaces, as in simple paddle wheels, the water passes away nor- 
mally to the circumference, and the highest obtainable efficiency 
is about 50 percent. If the vanes are curved backward, the effi- 
ciency becomes greater, and, neglecting losses in impact and fric- 
tion, it might be made nearly unity, and the entire energy of the 
stream be realized, if the water could both enter and leave the 
vanes in a direction tangential to the circumference. The in- 
vestigation shows that this is due to the fact that the water leaves 
the vanes without velocity; for, as the advantageous velocity 
of the vane is 4v, the water upon its surface has the relative 
velocity v — 4v = 4v;. then, if 8 = 0°, its absolute velocity as 
it leaves the vane is 47 — $7 = 0. If the velocity of the vanes 
is less or greater than half the velocity of the jet, the efficiency 
is lessened, although slight variations from the advantageous 
velocity do not practically influence the value of e. 

Prob 159. A nozzle o.125 feet in diameter, whose coefficient of dis- 
charge is 0.95, delivers water under a head of 82 feet against a series of small 


vanes on a circumference whose diameter is 18.5 feet. Find the most ad- 
vantageous velocity of revolution of the circumference. 


Art. 160. REVOLVING VANES 


When vanes are attached to an axis around which they move, 
as is the case in water wheels, the dynamic pressure which is 
effective in causing the motion is that tangential to the circum- 
ferences of revolution; or at any given point this effective pres- 
sure is normal to a radius drawn from the point to the axis. In 
Fig. 160 are shown two cases of a rotating vane; in the first the 
water passes outward or away from the axis, and in the second it 
passes inward or toward the axis. The reasoning, however, is 
general and will apply to both cases. At A, where the jet enters 
upon the vane, let v be its absolute velocity, V its velocity rela- 
tive to the vane, and w the velocity of the point A ; draw # normal 
to the radius r and construct the parallelogram of velocities as 
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shown, « being the angle between the directions of uw and v, and 
¢ that between u and V. At B, where the water leaves the vane, 
let 1; be the velocity of that point normal to the radius 11, and Vi 
the velocity of the water relative to the vane; then constructing 


Fig. 160. 


the parallelogram, the resultant of # and V, is 1, the absolute 
velocity of the departing water. Let 8 be the angle between V; 
and the reverse direction of #, and @ be the angle between the 
directions of v7; and 1. 


The total dynamic pressure exerted in the direction of the 
motion will depend upon the values of the impulse of the entering 
and departing streams. The absolute impulse of the water before 
entering is W - v/g, and that of the water after leaving is WW - v/Z, 
Let the components of these in the directions of the motion of 
the vane at entrance and departure be designated by Pandey 
then 

P= w Lose P, = Ww ucos8 

§ § 

These, however, cannot be subtracted to give the resultant dy- 
namic pressure, as was done in the case of motion in a straight 
line, because their directions are not parallel, and the velocities 
of their points of application are not equal. The resultant dy- 
namic pressure is not important in cases of this kind, but the 
above values will prove useful in the next article in investigating 
the work that can be delivered by the vane. 
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If m be the number of revolutions around the axis in one sec- 
ond, the velocities 4 and ™ are 


Uu= 279Tn Uy, = 209r\n 
and accordingly the relation obtains 
wy/u=r,/r or Myr = ur; 


which shows that the velocities of the points of entrance and exit 
are directly proportional to their distances from the axis. If r 
and 7 are infinity, « equals « and the case is that of motion in 
a straight line as discussed in Art. 158. 


The relative velocities V; and V are connected with the veloc- 
ities of rotation ™ and u by a simple relation. To deduce it, 
imagine an observer standing on the outward-flow vane and 
moving with it; he sees a particle of weight w at A which to him 
appears to have the velocity V, while the same particle at B 
appears to have the velocity V;; the difference of their kinetic 
" energies, or w(Vi2 — V?)/2g, is the apparent gain of the wheel- 
energy. Again, consider an observer standing on the earth and 
looking down upon the vane; from his point of view the energy 
gained is w(w,” — u*)/2g. Now these two expressions for the 
gain of the wheel in energy must be equal, or 


VP-V?=u2—-v? (160) 
and this is the formula by which V; is to be computed when V 
and the velocities of rotation are known. The same reasoning 


applies to the inward-flow vane by using the word “loss ”’ instead 
of “gain,” and the same formula results. 

The given data for a revolving vane are the angles ¢ and B, 
the radii r and 7, the velocity v, the number of revolutions per 
second, and the weight of water delivered to the vane per second. 
The value of v cose, and hence that of P;, is immediately known. 
From the speed of revolution the velocities « and ™ are found. 
The relative velocity V is, from the triangle between u and 2, 

V =vsine/sing 
and by (160) the relative velocity V; is then found from 
V;? == u;2 a u? + V? 
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Lastly, the value of 2, cos#, from the triangle between m and 
Vi, Is 0, cos@ = uy — Vi cosB 


and accordingly the values of the dynamic pressures P and P, are 
fully determined. Numerical values of these, however, are never 
needed, but the work due to them is of much importance, as will 
be explained in the next article. 

Prob. 160. Given r = 2 feet , 71 = 3 feet, % = 45°, W = 90°, ¥ = 100 
feet per second, and = 6 revolutions per second, Compute the velocities 
u, m, V, and V4. 


Art. 161. Work DERIVED FROM REVOLVING VANES 


The investigation in Art. 159 on the work and efficiency of 
a revolving vane supposes that all its points move with the same 
velocity, and that the water enters upon it in the same direction 
as that of its motion, or that « =o. This cannot in general be 
the case in water motors, as then the jet would be tangential to 
the circumference and no water could enter. To consider the 
subject further the reasoning of the last article will be continued, 
and, using the same notation, it will be plain that the work of a 
series of vanes arranged around a wheel may be regarded as that 
due to the impulse of the entering stream in the direction of the 
motion around the axis minus that due to the impulse of the de- 
parting stream in the same direction, or 


k=Pu-—Pyw 


Here P and P; are the pressures due to the impulse at A and 
B (Fig. 160), and inserting their values as found, 


b= Wve cose ih cos (161): 
. § 

This is a general formula applicable to the work of all wheels of 

outward or inward flow, and it is seen that the useful work k& 

consists of two parts, one due to the entering and the other to 

the departing stream. 


Another general expression for the work of a series of vanes 
may be established as follows: Let v and 2; be the absolute veloc- 
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ities of the entering and departing water; the theoretic energy 
of this water is W - v?/2g, and when it leaves the wheel it still 
has the energy W - v,°/2g. Neglecting losses of energy in impact 
and friction the work that can be derived from the wheel is 
2g 2 
k= Wo (161). 
2g 

This is a formula of equal generality with the preceding, and like 
it is applicable to all cases of the conversion of energy into work 
by means of impulse or reaction. In both formulas, however, 
the plane of the vane is supposed to be horizontal, so that no fall 
occurs between the points of entrance and exit. 

Formula (160) may be demonstrated in another way by 
equating the values of & in the preceding formulas; thus 

UV COSH — U2 COSO = 4 (v? — 2,7) 
Now from the triangle at A between u and v 
v? = V?—u? + 2 wW cose 
and from the triangle at B between m and 7 
v2 = V2 — uy2+ 2 m2; cosd 
Inserting these values of v? and »,” the equation reduces to 
Vi Vy: = 6: 

This shows that if , be greater than w, as in the outward-flow 
vane, then V; is greater than V; if mm is less than u, as in an in- 
ward-flow vane, then Vj, is less than V. 


Fig. 161a. Fig. 1610. 


The above principles will now be applied to the simple case 
of an outward-flow wheel driven by a fixed nozzle, as in Fig. 16la. 
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The wheel is so built that r = 2 feet, 7! = 3 feet,a = 45°,$ = 90°, 
and 8 = 30°. The velocity of the water issuing from the nozzle 
is v = 100 feet per second, and the discharge per second is 2.2 
cubic feet. It is required to find the work of the wheel and the 
efficiency when its speed is 337.5 revolutions per minute. 

The theoretic work of the stream per second is the weight 
delivered per second multiplied by its velocity-head, or 


k = 62.5 X 2.2 X 0.01555 X 1007= 21 380 foot-pounds 


which gives 38.9 theoretic horse-powers. The actual work of the 
wheel, neglecting losses in foam and friction, can be computed 
either from (161), or (161)2. In order to use the first of these, 
however, the velocities ~, m1, 71, and the angle @ must be found, 
and to use the second, 7; must be found; in each case V and V, 
must be determined. 


The velocities w and are found from the given speed of 
5.625 revolutions per second, thus: 
u=2 X 3.1416 X 2X 5.625 = 70.71 feet per second; 
Wy = 1% X70.71 = 106.06 feet per second. 
The relative velocity V at the point of entrance is found from 
the triangle between V and 2, which in this case is right-angled ; 
V =v cos(? — a) =v cos 45° = 70.71 feet per second. 


The relative velocity V; at the point of exit is found from the 
relation (160), which gives V; = m = 106.06 feet per second. 
And since # and V, are equal, 2 bisects the angle between V; 


and u, and accordingly 
0 = + (180° — 8) = 75 degrees. 
The value of the absolute velocity v, then is 
v1 = 2% cos@ = 54.90 feet per second, 

and »,°/2¢ is the velocity-head lost in the escaping water. 

The work of the wheel per second, computed either from (161); 
or (161)2, is now found to be k = 14934 foot-pounds or 27.2 
horse-powers, and hence the efficiency, or the ratio of this work 
to the theoretic work, is e = 0.699. Thus 30.1 percent of the 
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energy of the water is lost, owing to the fact that the water leaves 
the wheel with such a large absolute velocity. 


In this example the speed given, 337.5 revolutions per minute, 
is such that the direction of the relative velocity V is tangent to the 
vane at the point of entrance. For any other speed this will not be 
the case, and thus work will be lost in shock and foam. It is observed 
also that the approach angle « is one-half of the entrance angle ¢; 
with this arrangement the velocities « and V are equal, as also ind 
Vi. Had the angle 8 been made smaller the efficiency of the wheel 
would have been higher. 

Prob. 161. Compute the power and efficiency for the above example 
if st angle 8 be 15° instead of 30°. Explain why 8 cannot be made very 
small. 


Art. 162. REvoLtvinc TUBES 


The water which glides over a vane can never be under static 
pressure, but when two vanes are placed near together and con- 
nected so as to form a closed tube, there may exist in it static 
pressure if the tube is filled. This is the condition in turbine 
wheels, where a number of such tubes, or buckets, are placed 
around an axis and water is forced through 
them by the static pressure of a head. The 
work in this case is done by the dynamic 
pressure exactly as in vanes, but the existence 
of the static pressure renders the investiga- 
tion more difficult. 


The simplest instance of a revolving tube 
is that of an arm attached to a vessel rotat- 
ing about a vertical axis, as in Fig. 162. It 
was shown in Art. 29 that the water surface in 
this case assumes the form of a paraboloid, 
_and if no discharge occurs, it is clear that the Yi Ree 
static pressures at any two points B and A 
are measured by the pressure-heads Hy and # reck oned upwards 


to the parabolic curve, and, if the velocities of those points are 


u, and uw, that 


a= Dhesrpp---Q--= 


ole) 


Tee ae) 
De 2g 
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Now suppose an orifice to be opened in the end of the tube and the 
flow to occur, while at the same time the revolution is continued. 
The velocities V; and V diminish the pressure-heads so that the 
piezometric line is no longer the parabola, but some curve repre- 
sented by the lower broken line in the figure. Then, according 
to the theorem of Art. 31, that pressure-head plus velocity-head 
remains constant during steady flow, if no loss of energy occurs, 


aR ee Ge ey (162) 
cet ae tes 2§ 6.28 
in which H, and H are the heads due to the actual static pressures. 
This is the theorem which gives the relation between pressure- 
head, velocity-head, and rotation-head at any point of a revolving 
tube or bucket. If the tube is only partly full, so that the flow 
occurs along one side, like that of a stream upon a vane, then there 
is no static pressure, and the formula becomes the same as (160). 


An apparatus like Fig. 162, but having a number of arms from 
which the flow issues, is called a reaction wheel, since the dynamic 
pressure which causes the revolution is wholly due to the reaction 
of the issuing water. To investigate it, the general formula (161), 
may be used. Making wu = o, the work done upon the wheel by 
the water is 

k= Ww cosé _ ww cosB — 2 
§ § 
But since there is no static pressure at the point B, the value 
of V; is, from (162), or also from Art. 29, 


Vi= V2ghtuz 
The work that can be derived from the wheel now is 


B = W U1 COS BV 2gh+uyP—u,? 
§ 
This becomes nothing when , = 0, or when u? = 2gh cot?8, 


and by equating the first derivative to zero it is found that & 
becomes a maximum when the velocity is given by 


r= 8h __ gy 


sing 
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Inserting this advantageous velocity, the maximum work is 
k=Wh(x —sinB) 
and therefore the efficiency of the reaction wheel is 
e=1-—sin8 
When 8 = 90°, both m and e become o, for then the direction of 
the stream is normal to the circumference and no reaction can 
occur in the direction of revolution. When § =o, the efficiency 
becomes unity, but the velocity u; becomes infinity. In the 
reaction wheel, therefore, high efficiency can only be secured by 
making the direction of the issuing water directly opposite to that 
of the revolution, and by having the speed very great. If B= 
19°.5 or sin 8 = 3, the advantageous velocity “ becomes V2gh 
and e becomes 0.67. The effect of friction of the water on the 
sides of the revolving tube is not here considered, but this will 
be done in Art.172. 
_ Prob. 162a. Compute the theoretic efficiency of the reaction wheel 
when 6 = 180°, 8 = 0°, and m = V2¢h. 

Prob. 1626. A reaction wheel has B = 30°, 71 = 0.302 meters, and h = 
4.5 meters. Compute the most advantageous number of revolutions per 
minute. If the quantity of water delivered to the wheel is 1600 liters per 
minute, compute the power of the wheel in metric horse-powers and in kilo- 
watts. 

Prob. 162c. When / is in meters, » in meters per second, and 9, pi, 
and fy are in kilograms per square centimeter, the formulas (157), for water 
hammer become 

p = 0.0204 (1/t)v + p, — Bo p= 14.50 + fi — Po 
the first of which is to be used when # is greater than 0.001404/ and the second 
when ¢ is equal to or less than it, / being in meters. 
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CHAPTER 18 
WATER WHEELS 


Art. 163. CONDITIONS OF HicH EFFICIENCY 


A hydraulic motor is an apparatus for utilizing the energy 
ofa waterfall. It generally consists of a wheel which is caused to 
revolve either by the weight of water falling from a higher to a 
lower level, or by the dynamic pressure due to the change in direc- 
tion and velocity of a moving stream. When the water enters 
at only one part of the circumference, the apparatus is called a 
water wheel; when it enters around the entire circumference, it 
is called a turbine. In this chapter and the next these two classes 
of motors will be discussed in order to determine the conditions 
which render them most efficient. Overshot wheels, which move 
under the weight of water caught in their buckets, and undershot 
wheels, which move under the impact of a flowing stream, are 
forms that have been used for many centuries. Impulse wheels, 
which owe their motion to a jet of water striking their vanes 
with high velocity, were perfected in the nineteenth century. 


The efficiency e of a motor ought, if possible, to be in dependent 
of the amount of water used, or if not, it should be the greatest 
when the water supply is low. This is very difficult to attain. 
It should be noted, however, that it is not the mere variation in 
the quantity of water which causes the efficiency to vary, but it 
is the losses of head which are consequent thereon. For instance, 
when water is low, gates must be lowered to diminish the area of 
orifices, and this produces sudden changes of section which 
diminish the effective head #. A complete theoretic expression 
for the efficiency will hence not include W, the weight of water 
supplied per second, but it should, if possible, include the losses 
of energy or head which result when W varies. The actual effi- 
ciency of a motor can only be determined by tests with the fric- 
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tion brake (Art. 149); the theoretic efficiency, as deduced from 
formulas like those of the last chapter, will as a rule be higher 
than the actual, because it is impossible to formulate accurately 
all the sources of loss. Nevertheless the deduction and discus- 
sion of formulas for theoretic efficiency are very important for the 
correct understanding and successful construction of all kinds 
of hydraulic motors. 


When a weight of water W falls in each second through the 
height #, or when it is delivered with the velocity v, its theoretic 
energy per second is 

K=Wh or K=we 
28 
The actual work per second equals the theoretic energy minus 
all the losses of energy. These losses may be divided into two 
classes: first, those caused by the transformation of energy into 
heat; and second, those due to the velocity v, with which the 
water reaches the level of the tail race. The first class includes 
losses in friction, losses in foam and eddies consequent upon sud- 
den changes in cross-section or from allowing the entering water 
to dash improperly against surfaces; let the loss of work due to 
this be Wh’, in which h’ is the head lost by these causes. The 
second loss is due merely to the fact that the departing water 
carries away the energy W - 2?/2g. The work per second im- 
parted by the water to the wheel then is 


pe Uy? 

k=W(h—H a) 
and dividing this by the theoretic energy the efficiency is, 

AG —h_ (ay (163) 

h v 

in which v is the velocity due to the head 4. This formula, al- 
though very general, must be the basis of all discussions on the 
theory of water wheels and motors. It shows that e can only 
become unity when h’ = o and u = 0, and accordingly the two 


following fundamental conditions must be fulfilled in order to 
secure high efficiency : 
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1. The water must enter and pass through the wheel without 
losing energy in friction and foam. 
2. The water must reach the level of the tail race without ab- 


solute velocity. 


These two requirements are expressed in popular language by the 
well-known maxim “the water should enter the wheel without 
shock and leave without velocity.” Here the word “shock” means 
that method of introducing the water upon the wheel which 
produces foam and eddies. 


The friction of the wheel upon its bearings is included in the lost 
work when the power and efficiency are actually measured as described 
in Art. 149. But as this is not a hydraulic loss it should not be in- 
cluded in the lost work k’ when discussing the wheel merely as a user 
of water, as will be done in this chapter. The amount lost in shaft 
and journal friction in good constructions may be estimated at 2 
or 3 percent of the theoretic energy, so that in discussing the hydrau- 
lic losses the maximum value of e will not be unity, but about 0.98 
or 0.97. This will usually be rendered considerably smaller by the 
friction of the wheel upon the air or water in which it moves, and 
which will here not be regarded. The efficiency given by (163) is 
called the hydraulic efficiency to distinguish it from the actual efficiency 
as determined by the friction brake. 

Prob. 163. A wheel using 70 cubic feet of water per minute under a head 
of 12.4 feet has an efficiency of 63 percent. What effective horse-power 
does it deliver ? 


Art. 164. OversHot WHEELS 


In the overshot wheel the water acts largely by its weight. 
Figure 164 shows an end view or vertical section, which so fully 
illustrates its action that no detailed explanation is necessary. 
The total fall from the surface of the water in the head race or 
flume to the surface in the tail race is called 4, and the weight of 
water delivered per second to the wheel is called W. Then the 
theoretic energy per second imparted to the wheel is Wh. It is 
required to determine the conditions which will render the effec- 
tive work of the wheel as near to Wh as possible. 


The total fall may be divided into three parts: that in which 
the water is filling the buckets, that in which the water is descend- 
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ing in the filled buckets, and that which remains after the buckets 


are emptied. Let the first of these parts be called ho, and the 
last 4;. In falling the dis- 


tance fy the water acquires vitae 
a velocity v9 which is approxi- 

mately equal to V2gho, and 
then, striking the buckets, 
this is reduced to u, the tan- 
gential velocity of the wheel, 
whereby a loss of energy in 
impact occurs. It then de- 
scends through the distance 
h—ho — hh, acting by its 
weight alone, and _ finally, 
dropping out of the buckets, == = 
reaches the level of the tail SSSS99SSS 

race with a velocity which pee Ss 

causes a second loss of energy. Let h’ he the head lost in enter- 
ing the buckets, and let v; be the velocity of the water as it reaches 
the level of the tail race. Then the hydraulic efficiency of the 
wheel is-given by the general formula (163), or 

Wee 

h vv 

and to apply it, the values of h’ and v are to be found. In this 
equation v is the velocity due to the head h, or v = V 2¢h. 


Weeae etek 6 ns 


C=) Vie 


The head lost in impact when a stream of water with the 
velocity v is enlarged in section so as to have the smaller velocity 
u, is, as proved in Art. 76, 

jis (v9 — u)? _ v9? — 200U +? 
28 28 
The velocity 2; with which the water reaches the tail race depends 
upon the velocity u and the height 4. Its kinetic energy as it 
leaves the buckets is W - u2/2g, the potential energy of the fall 
I, is Wy, and the resultant kinetic energy as it reaches the tail 
race is W - 2,2/2g; hence the value of 2; is 


Uh Vu2+2 gh 


436 Chap. 13. Water Wheels 


Inserting these values of #’ and x, in the formula for e, and 
placing for v? its equivalent 2gh, there is found 
Vo" — 209 + 2u?+ 2eh1 

2gh 


C= i 


The value of « which renders e a maximum is found by equat- 
ing the first derivative to zero, which gives 

u =v 
or the velocity of the wheel should be one-half that of the entering 


water. Inserting this value, the hydraulic efficiency correspond- 
ing to the advantageous velocity is 


_ 30° + 2¢h1 


é=1 


2gh 
and lastly, replacing v,? by its value 2gho, it becomes 
eee dead 164 
ee PO ip 6) 


which is the maximum efficiency of the overshot wheel. - 


This investigation shows that one-half of the entrance fall 
ho and the whole of the exit fall #, are lost, and it is hence. plain 
that in order to make e as large as possible both hy and h, should 
be as small as possible. The fall ’o is made small by making the 
radius of the wheel large; but it cannot be made zero, for then 
no water would enter the wheel; it is generally taken so as to 
make the angle 6) about to or 1 5 degrees. The fall ; is made 
small by giving to the buckets a form which will retain the 
water as long as possible. As the water really leaves the wheel 
at several points along the lower circumference, the value of h, 
cannot usually be determined with exactness. 


The practical advantageous velocity of the overshot wheel, as 
deterrnined by the method of Art. 149, is found to be about 0.4V9, 
and its efficiency is found to be high, ranging from 70 to 90 percent. 
In times of drought, when the water supply is low, and it is desirable 
to utilize all the power available, its efficiency is the highest, since 
then the buckets are but partly filled and h, becomes small. Herein 
lies the great advantage of the overshot wheel; its disadvantage is in 
its large size and the expense of construction and maintenance. 
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The number of buckets and their depth are governed by no laws 
except those of experience. Usually the number of buckets is about 
5r or Or, if y is the radius of the wheel in feet, and their radial depth 
is from to to 15 inches. _The breadth of the wheel parallel to its 
axis depends upon the quantity of water supplied, and should be so 
great that the buckets are not fully filled with water, in order that they 
may retain it as long as possible and thus make /, small. The wheel 
should be set with its outer circumference at the level of the tail water. 

Prob. 164. Estimate the horse-power and efficiency of an overshot 
wheel which uses 1080 cubic feet of water per minute under a head of 26 
feet, the diameter of the wheel being 23 feet, and the water entering 15° 
from the top and leaving 12° from the bottom. 


Art. 165. Breast WHEELS 


The breast wheel is applicable to small falls, and the action of 
the water is partly by impulse and partly by weight. As repre- 
sented in Fig. 165 water 
from a reservoir is admit- 
ted through an _ orifice 
upon the wheel under the 
head ho with the velocity 
vo; the water being then 
confined between the 
vanes and the curved 
breast acts by its weight 
through a distance /y, 
which is approximately. 
equal to k— fp, until 
finally it is released at the level of the tail race and departs with 
the velocity u, which is the same as that of the circumference of 
the wheel. The total energy of the water being Wh, the work 
of the wheel is eWh, if e be its efficiency. 


The reasoning of the last article may be applied to the breast 
wheel, #; being made equal to zero, and the expression there de- 
duced for e may be regarded as an approximate value of its the- 
oretic efficiency. It appears, then, that e will be the greater the 
smaller the fall 4); but owing to leakage between the wheel and 


Bis 
5 


Fig. 165. 
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the curved breast, which cannot be theoretically estimated, and 
which is less for high velocities than for low ones, it is not desir- 
able to make vp and 4p small. The efficiency of the breast wheel is 
hence materially less than that of the overshot, and usually ranges 
from 50 to 80 percent, the lower values being for small wheels. 


Another method of determining the theoretic efficiency of the 
breast wheel is to discuss the action of the water in entering and 
leaving the vanes as a case of impulse. Let at the point of en- 
trance Avy and Aw be drawn parallel and equal to the velocities 
vo and u, the former being that of the entering water and the latter 
that of the vanes. Let « be the angle between v and u, which 
may be called the angle of approach. Then the dynamic pressure 
exerted by the water in entering upon and leaving the vanes is, 


from Art. 158, P= wrcose =u 


§ 
and the work performed by it per second is 
oe wp COSa — u)u 
§ 
This expression has its maximum value when 
Uu = $09 COSa 
which gives the advantageous velocity of the wheel circumference, 
and the corresponding work of the dynamic pressure is 
a ww COS2a 
48 
Adding this to the work Wh, done by the weight of the water, 


the total work of the wheel when running at the advantageous 
velocity is found to be 


2 2 
Te we costa I) 
4g 


or, if vo? be replaced by its value c,2-2 gho, where ¢ is the coefficient 

of velocity for the stream as it leaves the orifice of the reservoir, 
k=W(3c,? cos? «-ho+he) 

whence the maximum hydraulic efficiency of the wheel is 


ho , he 
aa (165) 


e=4¢,? cos? 
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If in this expression /. be replaced by h — ho, and if ¢. = 1 and 
« = 0°, this reduces to the same value as found for the overshot 
wheel. The angle «, however, cannot be zero, for then the direc- 
tion of the entering water would be tangential to the wheel, and 
it could not impinge upon the vanes; its value, however, should 
be small, say from 10° to 25°. The coefficient c, is to be rendered 
large by making the orifice of the discharge with well-rounded 
inner corners so as to avoid contraction and the losses incident 
thereto. The above formulas cannot be relied upon in practice 
to give close values of & and e, on account of losses by foam and 
leakage along the curved breast, which of course cannot be al- 
gebraically expressed. 

Prob. 165. A breast wheel is 10.5 feet in diameter, and has c; = 0.93, 


hy = 4.2 feet, and @ = 12 degrees. Compute the most advantageous num- 
ber of revolutions per minute. ’ 


ArT. 166. UNDERSHOT WHEELS 


The common undershot wheel has plane radial vanes, and the 
water passes beneath it in a direction nearly horizontal. It may 
then be regarded as a breast wheel where the action is entirely 
by impulse, so that in the preceding equations i, becomes o, 
ho becomes h, and « will be 0°. The theoretic efficiency then is 

= ¢,2._In the best constructions the coefficient c, is nearly 
unity, so it may be concluded that the maximum efficiency of the 
undershot wheel is about 0.5. Experiments show that its actual 
efficiency varies from 0.20 to 0.40, and that the advantageous 
velocity is about 0.47 instead of 0.5%. The lowest efficiencies 
are obtained from wheels placed in an unlimited flowing current, 
as upon a scow anchored in a stream; and the highest from those 
where the stream beneath the wheel is confined by walls so as to 
prevent the water from spreading laterally. 


The Poncelet wheel, so called from its distinguished inventor, 
has curved vanes, which are so arranged that the water leaves 
them tangentially, with its absolute velocity less than that of 
the velocity of the wheel. If in Fig. 165 the fall 2 be very small, 
and the vanes be curved more than represented, it will exhibit 
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the main features of the Poncelet wheel. The water entering 
with the absolute velocity vo takes the velocity « of the vane and 
the velocity V relative to the vane. Passing then under the wheel, 
its dynamic pressure performs work; and on leaving the vane 
its relative velocity V is probably nearly the same as that at 
entrance. Then if V be drawn tangent to the vane at the point 


Fig. 166. 


of exit, and w tangent to the circumference, their resultant will 
be 2, the absolute velocity of exit, which will be much less than w. 
Consequently the energy carried away by the departing water 
is less than in the usual forms of breast and undershot wheels, 
and it is found by experiment that the efficiency may be as high 
as 60 percent. 


In Fig. 166 is shown a portion of a Poncelet wheel. At A 
the water enters the wheel through a nozzle-like opening with the 
absolute velocity v) and at B it leaves with the absolute velocity 
2%. In the figure A and B have the same elevation. At A the 
entering stream makes the approach angle « with the circumfer- 
ence of the wheel and the same angle with the vane, so that the 
relative velocity V is equal to the velocity of the outer circum- 
ference uv. If h be the head ‘on A, the theoretic work of the water 
is Wh, and the work of the wheel is 


k= we 
28 
and the efficiency, neglecting friction and leakage, is 
Vor = v1 


2gh 


eé= 


Now, let c be the coefficient of velocity of the entrance orifice, 
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then vo =¢ V2gh. From the parallelograms of velocity at 
A and B, there are found 


2 cosa 


v1 = 2 u Sine = vp tana 


and for this velocity u the efficiency of the wheel is 
: €=¢C,2(1 — tan?a) (166) 


If c; = 1 and « =0, the efficiency becomes unity. In the best 
constructions c, may be made from 0.95 to 0.98, but « cannot 
be a very small angle, since then no water could enter the wheel. 
If « = 30° and c, = 0.95 the efficiency is 0.60, which is probably 
a higher value than usually attained in practice. If the velocity 
be greater or less than 3vo/cosa, the efficiency will be lowered on 
account of shock and foam at A. 

Prob. 166. Estimate the horse-power that can be obtained from an 
undershot wheel with plane radial vanes placed in a stream having a mean 
velocity of 5 feet per second, the width of the wheel being 15 feet, its di- 
ameter 8 feet, and the maximum immersion of the vanes being 1.33 feet. 
How many revolutions per minute should this wheel make in order to furnish 
the maximum power ? 


Art. 167. VERTICAL IMPULSE WHEELS 


A vertical wheel like Fig. 166, but having smaller vanes 
against which the water is delivered from a nozzle, is often called 
an impulse wheel, or a ‘“hurdy-gurdy” 
wheel. The Pelton wheel, the Cascade 
wheel, and other forms can be purchased 
in several sizes and are convenient on ac- 
count of their portability. Figure 167a 
shows an outline sketch of such a wheel 
with the vanes somewhat exaggerated in 
size. The simplest vanes are radial planes B 
as at A, but these give a low efficiency. 

Curved vanes, as at B, are generally used, Fig. 1670. 

as these cause the water to turn back- 

ward, opposite to the direction of the motion, and thus to leave 
the wheel with a low absolute velocity (Art. 159). In the plan 
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of the wheel it is seen that the vanes may be arranged so as also 
to turn the water sidewise while deflecting it backward. The 
experiments of Browne * show that with plane radial vanes the 
highest efficiency was 40.2 percent, while with curved vanes or 
cups 82.5 percent was attained. The velocity of the vanes which 
gave the highest efficiency was in each case almost exactly one- 
half the velocity of the jet. 

The Pelton wheel is used under high heads, and also being of 
small size it has a high velocity. The effective head is that 
measured at the entrance of the nozzle by a pressure gage, cor- 
rected for velocity of 
approach and the loss in 
the nozzle by formula 
(83),. These wheels are 
wholly of iron, and are 
provided with a casing 
to prevent the spattering 
of the water. Fig. 167) 
shows a form with three 
nozzles, by which three 
streams are applied at 
different parts of the 
circumference, in order 
to obtain a greater power 
than by a single nozzle, 

Fig. 1670. or to obtain a greater 

speed by using- smaller 

nozzles. For an effective head of 100 feet and a single nozzle 
the following quantities are given by the manufacturers: 


Diameter in feet, I 2 3 4 6 
Cubic feet per minute, 8.29 44.19 99.52 176.7 3098.1 
Revolutions per minute, 726 363 242 181 121 
Horse-powers, TAO) 7240) 10.04 20.04 OTS 


and these figures imply an efficiency of 85 percent. 


The general theory of these vertical impulse wheels is the same 
as that given for moving vanes in Art. 158. Owing to the high 


* Bowie’s Treatise on Hydraulic Mining (New York, 1885), p. 193. 


Horizontal Impulse Wheels. Art. 168 443 


velocity, more or less shock occurs at entrance, and as the angle 
of exit 8 cannot be made small, the water leaves the vanes with 
more or less absolute velocity. The advantageous velocity of 
the vanes or cups is between 40 and 50 percent of that of the 
entering jet. 

Prob. 167.. The diameter of a hurdy-gurdy wheel is 12.5 feet between 
centers of vanes, and the impinging jet has a velocity of 58.5 feet per second 
and a diameter of 0.182 feet. The efficiency of the wheel is 44.5 percent, 


when making 62 revolutions per minute What effective horse-power does 
it furnish ? 


Art. 168. HorizontaLt ImpuLsSE WHEELS 


When a wheel is placed with its plane horizontal and is driven 
by a stream of water from a nozzle, it is called a horizontal im- 
pulse wheel. There are two forms, known as the outward-flow 
and the inward-flow wheel. In the former, shown in Fig. 168q, 
the water enters the wheel upon the inner and leaves it upon the 


Fig. 1680. 


outer circumference; in the latter, shown in Fig. 168), the water 
enters upon the outer and leaves upon the inner circumference. 
The water issuing from the nozzle with the velocity v impinges 
upon the vanes, and in passing through the wheel alters both its 
direction and its absolute velocity, thus transforming its energy 
into useful work. The energy of the entering water is W . v/28 
and that of the departing water is W - v,2/2g. Neglecting fric- 
tional resistances, the work imparted to the wheel by the water is 


p-w(=-*) 
2g 28 
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and dividing this by the theoretic energy, the efficiency is 
e=1-—(v,/2)? 

This is the same as the general formula (163) if h’ = 0; that is, if 
losses in foam and friction are disregarded, and if the wheel is 
set at the level of the tail race. It is now required to state the 
conditions which will render these losses and also the velocity 
2; as small as possible. The reasoning will be general and appli- 
cable to both outward and inward-flow wheels. 


At the point A where the water enters the wheel let the paral- 
lelogram of velocities be drawn, the absolute velocity of entrance 
being resolved into its two components, the velocity u of the wheel 
at that point, and the velocity V relative to the vane; let the 
approach angle between u and v be called «, and the entrance 
angle between u and V be called ¢. At the point B where the 
water leaves the wheel let V; be its velocity relative to the vane, 
and u the velocity of the wheel at that point; then their result- 
ant is 2), the absolute velocity of exit. Let the exit angle between 
V, and the reverse direction of “,; be called 8. The directions of 
the velocities w and um, are of course tangential to the circumfer- 
ences at the points A and B. Let r and 7 be the radii of these 
circumferences; then the velocities of revolution are directly as 
the radii, or ur, = mr. 


In order that the water may enter the wheel without shock 
and foam, the relative velocity V should be tangent to the vane 
at A, so that the water may smoothly glide along it. This will 
be the case if the wheel is run at such speed that the parallelo- 
gram at A can be formed, or when the velocities u and v are pro- 
portional to the sines of the angles opposite them in the triangle 
Auv. The velocity v; will be rendered very small by running the 
impulse wheel at such speed that the velocities w, and V; are 
equal, since then the parallelogram at B becomes a rhombus and 
the diagonal 7; is very small. Hence 

“u_ sin(d— a) 


= and uy = Vi (168), 


v sing 


are the two conditions of maximum hydraulic efficiency. 
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Now, referring to the formula (160), which expresses the re- 
lation between the velocities of rotation and the relative velocities 
of the water for revolving vanes, it is seen that if uw, = V,, then 
also u=V. But uw cannot equal V unless ¢ = 2a, and then 
u = v/2 cose, which is the advantageous velocity of the circum- 
ference at A.. Therefore the two conditions above reduce to 


v 
2 COSa 


> = 20 and “= 


(168), 


which show how the wheel should be built and what speed it 
should have to secure the greatest efficiency. When this speed 
obtains, the absolute velocity 1 is 
ee 
01 = 2m sin 48 = 2u sini = jours 
r r cose 


and the corresponding hydraulic efficiency is 


/ et Kh 2 
pers — (nan 38) | (168); 

r cosa 
by the discussion of which proper values of the approach angle « 
and the exit angle 8 can be derived. 


This formula shows that both the approach angle @ and the 
exit angle 8 should be small in order to give high efficiency, but 
they cannot be zero, as then no water could pass through the 
wheel; values of from 15° to 30° are usual in practice. It 
also shows that 8 is more important than «, and if 8 be small, « 
may sometimes be made 40° or 45°. It likewise shows that for 
given values of « and 8 the inward-flow wheel, in which 7; is less 
than 7, has a higher efficiency than the outward-flow wheel. 


The condition V, = ™ renders the absolute exit velocity v, very 
small, but it does not ‘give its true minimum. This will be obtained 
by making V; = ™ cos £, so that the direction of 2, is normal to that 
of V,, and thus 2, = ™ sin B. The discussion of water wheels and tur- 
bines under this condition of the true minimum leads to very complex 
formulas, and hence in this book, as in many others, the simpler con- 
dition V, = ™, is used. 

Prob. 168. Compute the maximum efficiency of an outward-flow im- 
pulse wheel when 71 = 3 feet, r = 2 feet, a = 45°, > = go°, B = 30°, and 
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find the number of revolutions per minute required to secure such effi- 
ciency when the velocity of the entering stream is » = 100 feet per second. 


Art. 169. DOWNWARD-FLOW IMPULSE WHEELS 


In the impulse wheels thus far considered the water leaves the 
vanes in a horizontal direction. Another form used less frequently 
is that of a horizontal wheel driven by water issuing from an in- 
clined nozzle so that it 
passes downward along the 
vanes without approaching 
or receding from the axis. 
Figure 169 shows an out- 
line plan of such an 
impulse wheel and a de- 
velopment of a part of a 
cylindrical section. Let 
be the velocity of the en- 
tering stream, u that of the 
wheel at the point where it 
strikes the vanes, and 7 
the absolute velocity of the 
departing water. At the 
entrance A the direction 
of »v makes with that of u 
the approach angle a, and 
the direction of the rela- 
tive velocity V makes with 
that of w the entrance angle ¢. The water then passes over 
the vane, and, neglecting the influence of friction and gravity, it 
issues at B with the same relative velocity V, making the exit 
angle @ with the plane of motion. 


The condition that impact and foam shall be avoided at A 
is fulfilled by making the relative velocity V tangent to the vane, 
and the condition that the absolute velocity v, shall be small is 
fulfilled by making the velocities w and V equal at B. Hence, 
as in the last article, the best construction is- to make p = 24a, 
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and the best speed of the wheel is « = v/2cos«. Also by the 
same reasoning the efficiency under these conditions is 


e=1— (sin $8/cosa)? 
which shows that «, and especially 8, should be a small angle to 
give a high numerical value of e. For instance, if both these 


aneles are 36 , the efficiency is 0.92, but if a = 45° and 8 = jo, 
the efficiency is 0.94. 


Although these wheels are but little used, there seems to be no 
hydraulic reason why they should not be employed with a success 
equal to or greater than that attained by vertical impulse wheels. 
It will be possible to arrange several nozzles around the circumference 
and thus to secure a high power with a small wheel. The fall of the 
water through the vertical distance between A and B will also add 
slightly to the power of the wheel, and if this be taken into account, 
the above values of advantageous velocity and efficiency will be modi- 
fied, both being slightly increased, as the following investigation shows. 


Let h, be the vertical fall between A and B; then the theoretic 
energy of the water with respect to B is 
a eae 
Ke W(t + --*) 
2g. 28 
and the hydraulic efficiency of the wheel is 
Pe ete 
v? + 2ghy 
Here the relative velocity V, at B is greater than V, or 
Woe = Vy? + 2 ghy 
and since w should equal Vj, this equation becomes, after inserting 
for V its value in terms of w, v, and @, 


w= — (4 2shh ) 
2 COS& v 


which gives the advantageous velocity of the wheel. Since 


e= 


v1 = 2u sin $8, 


the above expression for the theoretic hydraulic efficiency reduces to 


rT NG 
e=1-— (: a eles ze ) 
v /\ cose 
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For this case the approach angle ¢ must be a little greater than 2a, 
and its value can be found by ; : 
cot¢ = cote — eee 
v* SIn2a 
and by using this angle ¢, losses due to impact will be avoided when 
the wheel is run at the advantageous speed. For example, if y = 50 
feet per second, and /, = 1 foot, and «= 30°, the value of ¢ is about 
63° instead of 60° as the simpler condition requires, while the increase 
in the advantageous speed is about 2 percent over the former value. 
Prob. 169. A wheel like Fig. 169 is driven by water which issues from 
a nozzle with a velocity of 100 feet per second. If the diameter is 3 feet, the ~ 
efficiency 0.90, and the approach angle « = 45°, find the best value of the 
entrance and exit angles and the best speed. 


Art. 170. NozzLes For IMpuLsSE WHEELS 


Impulse wheels are driven by the dynamic pressure of water 
issuing from nozzles attached to the end of a pipe which conducts 
the water from a reservoir. It is shown in Art. 101 that the 
greatest velocity is secured when the diameter of the nozzle is as 
small as possible and that the greatest discharge occurs when there 
is no nozzle. To secure the greatest power, however, there is a 
certain diameter of nozzle which will now be determined, and it is 
advisable for economical reasons to use a nozzle of this size and 
adjust the speed of the wheel thereto. 


Let h be the hydrostatic head on the nozzle, / the length, and 
d the diameter of the pipe, and D the diameter of the nozzle. 
Let all the resistances except that due to friction in the pipe and 
nozzle be neglected; then from Art. 101 the velocity of the jet 
from the nozzle is 


ve J 2agh 
FU/d)(D/d)* + (1/60)? 
in which f is the friction factor for the pipe and ¢, is the coefficient 
of velocity for the nozzle. Let w be the weight of a cubic foot 
of water; then the theoretic energy of the jet per second is 
V2 _ ww/2 g0°hdD \* 
2g a ae 


K=w-:-inrD/ - 
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and the value of D which renders this a maximum is, by the usual 
method of differentiation, ascertained to be 


D =(d°/2 fe,2l)" (170); 
and for a nozzle of this size the velocity of the jet is 
na 0.816¢6,V agh 


or, since ¢, is about 0.97, the velocity of the jet when leaving the 
nozzle is about 80 percent of the theoretic velocity due to the 
‘head on the nozzle. 


As an example let a pipe be 1200 feet long and 1 foot in 
diameter; then, taking for f the mean value 0.02 and using 
C= 0.97, there is found D = 0.39 feet, and hence a nozzle 43 
inches in diameter is required to give the maximum power. This 
result may be revised, if thought necessary, by finding the velocity 
in the pipe and thus getting a better value of f from Table 90a. 
If the head be roo feet, this velocity is found to be 9.2 feet per 
second, whence f = 0.018, and on repeating the computation 
there is found D = 0.40 feet = 4.8 inches. If the pipe be 12 000 
feet long, the advantageous diameter of the nozzle will be found 
to be much smaller, namely, 2% inches. 


When there is more than one nozzle at the end of the pipe, the above 
investigation must be modified. Let there be two nozzles with the 
diameters D, and D,, each having the coefficient cy Then the dis- 
charge i7d’v through the pipe equals the discharge 37(D2V; + D2’V2). 
But the velocities V, and V2 are equal if the tips of the nozzles are on 
the same elevation, and -hence d’v equals (D2 + D,2)V, where V is 
the velocity of flow from each nozzle. Now, referring to Art. 101 
end to the proof of (170)1, it is seen that it applies to this case provided 
D* be replaced by D,? + D,’, and accordingly 

D2? + D2 = (d/2fc? 1)? (170). 


is the formula for determining the sizes of the two nozzles which will 
furnish the maximum power; if D, be assumed, the value of D, can 
be computed. The area of the circle of diameter D found from 
(170), is equal to the sum of the areas of the two circles found from 
(170),. If there be three or more nozzles, the sum of their areas is 
equal to that corresponding to the diameter D as computed from 
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(170),. For example, let there be a pipe 1200 feet long and one foot 
in diameter to which three nozzles of equal size are attached. The 
diameter found above for one nozzle is 4.80 inches, and the correspond- 
ing area is 18.10 square inches; hence the area of the cross-section 
of the tip of each of the three nozzles is 6.03 square inches, which cor- 
responds to a diameter of 2.77 inches. 


Prob. 170. A pipe 15 000 feet long and 18 inches in diameter runs from 
a mountain reservoir to a power plant, where the water is to be delivered 
through two nozzles against a hurdy-gurdy wheel. If the diameter of one 
nozzle is 2 inches, find the diameter of the other in order that the maximum 
power may be developed. If the head on the nozzles is 623 feet and the 
efficiency of the wheel 79 percent, compute the horse-power that may be 
expected. 


Art. 171. Specrat Forms oF WHEELS 


Numerous varieties of the water wheels above described have 
been used, but the variation lies in mechanical details rather 
than in the introduction of any new hydraulic principles. In 
order that a wheel may be a success it must furnish power as 
cheap as or cheaper than steam or other motors, and to this 
end compactness, durability, and low cost of installation and 
maintenance are essential. 


A variety of the overshot wheel, called the back-pitch wheel, 
has been built, in which the water is introduced on the back instead 
of on the front of the wheel. The buckets are hence differently 
arranged from those of the usual form, and the wheel revolves 
also in an opposite direction. One of the largest overshot wheels 
ever constructed is at Laxey, on the east coast of the Isle of 
Man. It is 72 feet in diameter, about 10 feet in width, and 
furnishes about 150 horse-power, which is used for pumping 
water out of a mine. 


A breast wheel with very long curved vanes extending over 
nearly a fourth of the circumference has been used for small falls, 
the water entering directly from the penstock without impulse, 
so that the action is that of weight alone. This form is made of 
iron and gives a high efficiency. 

Undershot wheels with curved floats for use in the open cur- 
rent of a river have been employed, but in order to obtain much 
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power they require to be large in size, and hence have not been 
able to compete with other forms. The great amount of power 
wasted in all rivers should, however, incite inventors to devise 
wheels that can economically utilize it. Currents due to the 
movement of the tides also afford opportunity for the exercise 
of inventive talent. 


The conical wheel, or danaide, is an ancient form of down- 
ward-flow impulse wheel, in which the water approaches the axis 
as it descends, and thus its relative motion is decreased by the 
centrifugal force. The theory of this is almost precisely the same 
as that of an inward-flow impulse wheel, and there seems to be 
no hydraulic reason why it should not give a high efficiency. 
Another form of danaide has two or more vertical vanes attached 
to an axis, which are inclosed in a conical case to prevent the 
lateral escape of the water. 


A water-pressure engine is a hydraulic motor which moves under 
the static pressure of water acting against a piston or a revolving 
disk. The piston forms are reciprocating in motion like the steam- 
engine and operate in the same way, the water entering and leaving 
through ports which are opened and closed by a link motion con- 
nected with the piston-rod. The other forms give rotary motion 
directly from the revolving vanes or disks. The piston engine has 
been employed in Germany to a considerable extent to drive pumps 
for draining mines, but the rotary engine has not been widely used, 
and it cannot be advantageously arranged to deliver a high power. 
On account of. the incompressibility of water, special devices for 
regulating the opening and closing of the valves are necessary. 


Numerous other special devices for utilizing the energy of water 
by means of water wheels have been invented, but they do not in- 
troduce any new hydraulic principle. The efficiency of these special 
forms is often low on account of the imperfections of the apparatus, 
but it should be borne in mind that high efficiency is only obtained after 
trials extending over much time, such trials enabling the imper- 
fections to be discovered and removed. ‘The formulas for hydraulic 
efficiency deduced in the preceding pages do not include losses due to 
friction, and these may often amount to 10 or 20 percent of the 
theoretic energy, so that due allowance for them should be made in 
estimating the power which a proposed design may deliver. 
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Power may be obtained from the ocean waves, which are constantly 
rising and falling, by a suitable arrangement of wheels and levers, and 
some inventions in this direction have given fair promise of success. 
One in operation on the coast of England about 1890 consisted of a 
large buoy which rose and fell with the waves on a fixed vertical 
shaft fastened in the rock bottom. As the buoy moved up and down 
it operated a system of levers and wheels which drove an air-compressor, 
and this in turn ran a dynamo that generated electric power. The rise 
of the ocean tide also affords opportunity for impounding water which 
may be used to generate power when the tide falls. Plants for this 
purpose are to be located along tidal rivers where opportunities. for 
impounding occur, the wheels being idle during the rise of the tide, 
and in operation during its fall. Owing to this intermittent gener- 
ation of power, it will be necessary to provide for its storage, so that 
industries using it may be in continuous operation. 


Prob. 171a. A wheel using 10.5 cubic meters of water per minute under 
an effective head of 23.4 meters has an efficiency of 75 percent. What metric 
horse-power does it deliver? What is its power in kilowatts ? 


Prob. 1716. A breast wheel has c; = 0.95, 4) = 1.3 meters, and @ = 12°. 
If its diameter is 3.5 meters, compute the most advantageous number of 
revolutions per minute. 


Prob. 171c. An inward-flow impulse wheel has ¢ = 104°, @ =-52°, 
and 6 = 12°, its inner diameter being 0.82 meters and its outer diameter 
1.22 meters. If this wheel uses 0.86 cubic meters of water per second under 
an effective head of 7.9 meters, compute its efficiency and its probable effec- 
tive horse-power. 


Prob. 171d. A pipe 3200 meters long and 4o centimeters in diameter 
delivers water through two nozzles against a hurdy-gurdy wheel. When the 
diameter of one nozzle is 5 centimeters, find the diameter of the other nozzle 
in order that the energy of the two jets may be a maximum. _ If the head 
on the nozzles is 107 meters and the efficiency of the wheels is 81 percent, 
compute the horse-power which the wheels will deliver. 
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CHAPTER 14 


TURBINES 
Art. 172. THE REACTION WHEEL 


The reaction wheel, invented by Barker about 1740, consists 
of'a number of hollow arms connected with a hollow vertical shaft, 
as shown in Fig. 172. The water issues from the ends of the 
arms in a direction opposite to that of their motion, and by 
the dynamic pressure due to its reaction 
the energy of the water is transformed 
‘into useful work. Let the head of water 
CC in the shaft be h; then the pressure- 
head BB which causes the flow from 
the arms is greater than /, on account 
of the centrifugal force due to the rota- 
tion of the wheel. Let be the abso- 
lute velocity of the exit orifices, ange y 1 
be the velocity of discharge relative to 
the wheel; then, as shown in Art. 29, 
and also in Art. 162, 


Vi = V2ghtur 


The absolute velocity v: of the issuing 
water now is 


W=Vi—-m= Vogh + ue — mh 


Fig. 172. 


It is seen at once that the efficiency can never reach unity unless 
- y = 0, which requires that Vi =m. This, however, can only 
occur when #, = ©, since the above formula shows that Vi must 
be greater than # for any finite values of # and m. To de- 


duce an expression for the efficiency the work of the wheel 
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W(h — v2/2g) is to be divided by the theoretic energy of the 
water Wh, and this gives 


De yaa (Vi — 1)? SS 2U 172 
2gh : Vi a Uy V1 = Uy ( y 
which shows, as before, that e equals unity when V; =™ = oo. 
If Vi = 2m, the value of e is 0.667; if Vi = 3%, the value of e 
is reduced to 0.50. 


6 bh S 


‘This investigation indicates that the efficiency of a reaction 
wheel increases with its speed. If a; be the area of the exit orifices 
and w the weight of a cubic unit of water, the weight of the water 
discharged in one second is wa,V,, which becomes infinite when 
V,; =u = ©. Nothing approaching this can be realized, and 
on account of losses due to friction, a very high speed is imprac- 
ticable. The reaction wheel, indeed, is like the jet propeller in 
regard to efficiency (Art. 186). 


To consider the effect of friction in the arms, let c, be the coefficient 
of velocity (Chap. 7), so that 
Vi a coV 2gh+uy2 

Then the effective work of the wheel is 
(crV agh--uy2—u1)u1 

g 
-and the corresponding efficiency of the wheel is 

— cour V 2gh+u,2— Uy2 
gh 


k=W 


The value of 11, which renders this a maximum, is 


gh 
Uy2= —oh 
VT eee 8 


and this reduces the value of the efficiency to 

e=1—-Vi1—o2 (172)> 
If c=1, there is no loss in friction, and u,=0 and e= I, as be- 
fore deduced. If c.=0.94, the advantageous velocity u is very nearly 


V 2gh, and c is 0.66; hence the influence of friction in diminishing the 
efficiency is very great. In order to make c, large, the end of the arm 
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where the water enters must be well rounded to prevent contraction, 
and the interior surface must be smooth. If the inner end has sharp, 
square edges, as in a standard tube (Art. 78), c, is 0.82, and ¢ is 0.43. 

The reaction wheel is not now used as a hydraulic motor on account 
of its low efficiency. Even when run at high speeds the efficiency 
is low on account of the greater friction and resistance of the air. 
By experiments on a wheel one meter in diameter under a head of 
1.3 feet Weisbach found a maximum efficiency of 67 percent when the 
velocity of revolution u, was -V 2gh. When 1, was 2-V 2gh, the efficiency 
was nothing, or all the energy was consumed in frictional resistances. 

The reaction wheel is here introduced at the beginning of the dis- 
cussion of turbines mainly to call attention to the fact that the dis- 
charge varies with the speed. Although sometimes called a turbine, 
it can scarcely be properly considered as belonging to that class of 
hydraulic motors. 

Prob. 172. The sum of the exit orifices of a reaction wheel is 4.25 
square inches, their radius is 1.75 feet, and their velocity 32.1 feet, per 
second. Compute the head necessary to furnish 1.6 horse-powers, when 
ie 0.05: 


ArT. 173. CLASSIFICATION OF TURBINES 


A turbine wheel may be defined as one in which the water 
enters around the entire circumference instead of upon one por- 
tion, so that all the moving vanes are simultaneously acted upon 
by the dynamic pressure of the water as it changes its direction 
and velocity. The turbine was invented by Fourneyron in 1827, 
and owing to its compactness, cheapness, and high efficiency, it 
has largely replaced the older forms of water wheels. Turbines 
are usually horizontal wheels, and like the impulse wheels of the 
last chapter, they may be outward-flow, inward-flow, or down- 
ward-flow, with respect to the manner in which the water passes 
through them. In the outward-flow type the water enters the 
wheel around the entire inner circumference and passes out around 
the entire outer circumference (Fig. 1740). In the inward-flow 
type the motion is the reverse (Fig. 174c). In the downward- 
flow type the water enters around the entire upper annular 
openings, passes downward between the moving vanes, and 
leaves through the lower annulus (Fig.179a). In all cases the 
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water in leaving the wheel should have a low absolute velocity, so 
that most of its energy may be surrendered to the turbine in the 
form of useful work. . 

The supply of water to a turbine is regulated by a gate or 
gates, which can partially or entirely close the orifices where the 
water enters or leaves. The guides and wheel, with the gates 
and the surrounding casings, are made of iron. Numerous forms 
with different kinds of gates and different proportions of guides 
and vanes are in the market. They are made of all sizes from 
6 to 60 inches in diameter, and larger sizes are built for special 
cases. The great turbines at Niagara are of the outward-flow 
type, the inner diameter of a wheel being 63 inches and each twin 
turbine furnishing about 5000 horse-powers (Art. 182). The 
smaller sizes of turbines used in the United States are mostly of 
the inward-flow type or of a combined inward- and downward- 
flow type. 


The three typical classes of turbines above described are often 
called by the names of those who first invented or perfected them ; 
thus the outward-flow is called the Fourneyron, the inward-flow 
the Francis, and the downward-flow the Jonval turbine. There 
are also many turbines in the market in which the flow is a com- 
bination of inward and downward motion, the water entering 
horizontally and inward, and leaving vertically, the vanes being 
warped surfaces. The usual efficiency of turbines at full gate 
is from 70 to 85 percent, although 90 percent has in some cases 
been derived. When the gate is partly closed, the efficiency in 
general decreases, and when the gate opening is small, it becomes 
very low. This is due to the loss of head consequent upon the 
sudden change of cross-section; and therein lies the disadvan- 
tage of the turbine, for when the water supply is low, it is im- 
portant that it should utilize all the power available. A com- 
pilation of turbine tests with descriptions of the various forms 
of wheels has been made by Horton and issued by the United 
States Geological Survey.* 


Another classification is into impulse and reaction turbines. 


* Water Supply and Irrigation Paper, No. 180, 1906. 


s 
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Tn an impulse turbine the water enters the wheel with a velocity’ 
due to the head at the point of entrance, just as it does from the 
nozzle which drives an impulse wheel (Art. 168). In a reaction 
turbine, however, the velocity of the entering water may be 
greater or less than that due to the head on the orifices of entrance, 
and, as in the reaction wheel, it is also influenced by the speed. 
This is due to the fact that in a reaction turbine the static pres- 
sure of the water is partially transmitted into the moving wheel, 
provided that the spaces between the vanes are fully filled. Any 
turbine may be made to act either as an impulse or a reaction 
turbine. If it be arranged so that the water passes through the 
vanes without filling them, it is an impulse turbine; if it be 
placed under water, or if by other means the flowing water is 
compelled to completely fill all the passages, it acts as a reaction 
turbine. As will be seen later, the theory of the reaction turbine 
is quite different: from that of the impulse turbine. 


Prob. 173. If the efficiency of a turbine is 75 percent when delivering 
5000 horse-powers under a head of 136 feet, how many cubic feet of water per 
minute pass through it ? 


Art. 174. REACTION TURBINES 


A reaction turbine is driven by the dynamic pressure of 
flowing water which at the same time may be under a certain 
degree of static pres- 
sure. If in the reaction 
wheel of Fig. 172 the 
arms be separated from 
the penstock at A, and 
be so arranged that BA 
revolves around the axis 
while AC is stationary, 
the resulting apparatus 
may be called a trac == = = 
tion turbine. Thestatic —=3—+ 
pressure of the headCC 
can still be transmitted 
through the arms, so Fig. 1744, 
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that, as in the reaction wheel, the discharge will be influenced 
by the speed of rotation. The general arrangement of the 
moving part is, however, like that of an impulse wheel, the 
vanes being set between two annular frames, which are attached 


Fig. 1740. 


by arms to a central axis. In Fig. 174a is a vertical section 
showing an outward-flow wheel W to which the water is 
brought by guides G from a fixed penstock P. Between the 
guides and the wheel there is an annular space in which slides 
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Fig. 174d. 
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an annular vertical gate EZ; this serves to regulate the quantity 
of water, and when it is entirely depressed, the wheel stops 
Many other forms of gates are, however, used in the different 
styles of turbines found in the market. 


In Figs. 1740 and 174c are given horizontal and vertical sec- 
tions of both the outward- and the inward-flow types, showing 
the arrangement of guides and vanes. The fixed guide passages 
which lead the water from the penstock are marked G, while the 
moving wheel is marked W. It is seen that the water is intro- 
duced around the entire circumference of the wheel, and hence 
the quantity supplied, and likewise the power, is far greater than 
in the impulse wheels of the last chapter. 


In order that the static pressure may be transmitted into the 
wheel it is placed under water, as in Fig. 174a, or the exit orifices 
are partially closed by gates, or 
the air is prevented from enter- 
ing them by some other device. 


In Fig. 174d a Leffel turbine 
of the inward-flow type is illus- 
trated, the arrows showing the 
direction of the water as it enters 
and leaves. The wheel itself is 
not visible, it being within the 
inclosing case through which the 
water enters by the spaces be- 
tween the guides. In Fig. 174e 
is shown a view of a Hunt tur- 
bine, which is also of the inward- 
and downward-flow type. In 
both cases the guides are seen 
with the small shaft for moving 
the gates, these being partly raised 
in Fig.174e. The flange at the 
base of the guides serves to sup- 
port the weight of the entire apparatus upon the floor of the 
inclosing penstock, which is filled with water to the level of 
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the head bay. The cylinder below the flange, commonly called 
a draft-tube, carries away the water from the wheel, and the 
level of the tail water should ‘stand a little higher than its 
lower rim in order to prevent the entrance of air and thus in- 
sure that the wheel may act as a reaction turbine. Iron pen- 
stocks are frequently used instead of wooden ones, and for the 
pure outward- and inward-flow types the wheel is often placed 
below the level of the tail race. 


Turbines are sometimes placed vertically on a horizontal 
shaft. Fig. 174f shows twin Eureka turbines thus arranged in 
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Fig. 174f. 


an inclosing iron casing. The water enters through a large 
pipe attached to the cylinder opening, and having filled the 
cylindrical casing; it passes through the guides, turns the wheels, 
and escapes by the two elbows. Large twin vertical turbines fur- 
nishing 1200 horse-powers have been installed at Niagara Falls 
by the James Leffel Company. 


All reaction turbines will act as impulse turbines when from 
any cause the passages between the vanes, or buckets, as they 
are generally called, are not filled with water. In this case the 
theory of their’ action is exactly like that of the impulse wheels 
described in the last chapter. In Arts. 175-178 reaction turbines 
of the simple outward- and inward-flow types will be discussed, 


the downward-flow type being reserved for special description 
in Art. 179. 


Prob. 174. Consult Engineering Record, Feb. 5, 1898, and describe 
methods of regulating the speed of turbines. 
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Art. 175. FLow THroucH REACTION TURBINES 


The discharge through an impulse turbine, like that for an 
impulse wheel, depends only on the area of the guide orifices and 
the effective head upon them, or g =av=a V 2h. In a re- 
action turbine, however, the discharge is influenced by the speed 
of revolution, as in the reaction wheel, and also by the areas of 
the entrance and exit orifices. To find 
an expression for this discharge let the 
wheel be supposed to be placed below 
the surface of the tail water, as in Fig. 
175. Let h be the total head between 
the upper water level and that in ‘the 
tail race, H; the pressure-head on the exit 
orifices, and H the pressure-head at the 
gate opening as indicated by a piezom- 
eter supposed to be there inserted. Let 
uw, and u be the velocities of the wheel at 
the exit and entrance circumference, which have radii 7 and r 
(Fig. 1746). Let V; and V be the relative velocities of exit and 
entrance, and vo be the absolute velocity of the water as it 
leaves the guides and enters the wheel; the entering velocity 2 
may be less or greater than Vagh, depending upon the value 
of the pressure-head H. Let a, a, and a be the areas of the 
orifices normal to the directions of V1, V, and v. Now, neglect- 
ing all losses of friction between the guides, the theorem of 
Art.31, that pressure-head plus velocity-head equals the total 
head, gives the equation 

H+ — h+H, 
28 
Also, neglecting the friction and foam in the buckets, the corre- 
sponding theorem of Art. 162 gives 
He eee 
2g 2g 2g 28 
Adding these equations, the pressure-heads H; and H disappear, 
and there results the formula 
Vi2—V2+00? = 2gh+ uy? — uv? (175)1 


Fig. 175. 
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Now, since the buckets are fully filled, the same quantity of 
water, g, passes in each second through each of the areas ay, 
a, and ao, and hence the three velocities through these areas have 
the respective values, 

V1 = oe V= q, v0 = £ 

a ao 

Introducing these values into the formula (175)1, solving for gq, 
and multiplying by a coefficient ¢ to account for losses in leakage 
and friction, the discharge per second is 


Qi Ae 
ae PX ie (175), 


Oa ge 
This is the formula for the flow through a reaction turbine when 
the gate is fully raised. The reasoning applies to an inward-flow 
as well as to an outward-flow wheel. In an outward-flow turbine 
wu, is greater than uw, and consequently the discharge increases 
with the speed; in an inward-flow turbine is less than u, and 
consequently the discharge decreases as the speed increases. 


The value of the coefficient ¢ will usually vary with the head, and 
also with the size of the areas a,, a, and a. When a turbine has been 
tested by the methods of Arts. 147-150, and the areas have been meas- 
ured, the values of c for different speeds may be computed. For 
example, take the outward-flow Boyden turbine, tests of which at full 
gate are given in Art.150. The measured dimensions and angles of 
this wheel are as follows: 


Outer radius of wheel 71 = 3.3167 feet 
Inner radius of wheel 7 = 2.6630 feet 
Outer radius of guide case 79 = 2.5911 feet 
Outer depth of buckets d, = 0.722 feet 

Inner depth of buckets d=o0.741 feet 
Outer area of buckets a1 = 4.61 square feet 
Inner area of buckets @ = 12.12 square feet 
Outer area of guide orifices ay) = 4.76 square feet 
Exit angle of buckets 8 = 13.5 degrees 
Entrance angle of buckets $ = 90 degrees 
Entrance angle of guides & = 24 degrees 


Number of buckets 52, number of guides, 32 
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Inserting in the above formula the values of a,, a, and ao, placing for 


ayes 1 G 
u;’— wv? its value (3557)? (72—7?), where N is the number of revolutions 
per minute, it reduces to 


g = 3.44cV 2gh+ 0.04 8N?2 
From this the value of c may be computed for each of the seven exper- 
iments, and the following tabulation shows the results, the first four 
columns giving the number of the experiment, the observed head, num- 
ber of revolutions per minute, and discharge in cubic feet per second. 
The fifth column gives the theoretic discharge computed from the 
above formula, taking the coefficient as unity, and the last column 
is derived by dividing the observed discharge g by the theoretic dis- 
charge Q. The discrepancy of 5 or 6 percent is smaller than might 
be expected, since the formula does not consider frictional resistances. 


No. h N q Q G 

DE 17.10 63.5 117.01 123.1 0.950 
20 Hy 70.0 118.37 WOE 0.945 
19 17.33 75.0 119.53 126.8 0.043 
18 17.34 80.0 T20s0s 128.4 0.044 
I7 7 86.0 122.41 130.0 0.942 
16 17.20 O32 124.74 TAA 0.941 
a 17.19 100.0 127.73 134.9 0.047 


A satisfactory formula for the discharge through a turbine when 
the gate is partly depressed is difficult to deduce, because the loss of 
head which then results can only be expressed by the help of experi- 
mental coefficients similar to those given in Art. 92 for the sliding gate 
in a water pipe, and the values of these for turbines are not known. 
It is, however, certain that for each particular gate opening the dis- 
charge is given by pas ee 
in which m depends upon the areas of the orifices and the height to 
which the gate is raised. For instance, in the tests of the above Boy- 
den turbine the mean value of m for full gate opening is 3.25, but when 
the gate was only six-tenths open, its value was 2.81, and when the 
gate was two-tenths open, its value was 1.36. Each form and size of 
reaction turbine has its own values of m, depending upon the area of its 
orifices, and when these have been determined, a turbine may be used 
as a water meter to measure the discharge with a fair degree of precision. 

Prob. 175. Consult Francis’ Lowell Hydraulic Experiments, pp. 67-75; 
and compute the coefficient m for experiments 30 and 31 on the center-vent 


Boott turbine. 


464 Chap. 14. Turbines 


Art. 176. THEORY OF REACTION TURBINES 


The theory of reaction turbines may be said to include two 
problems: first, given all the dimensions of a turbine and the 
head under which it works, to determine the maximum efficiency, 
and the corresponding speed, discharge, and power; and second, 
having given the head and the quantity of water, to design a 
turbine of high efficiency. This article deals only with the first 
problem, and it should be said at the outset that it cannot be 
fully solved theoretically, even for the best-conditioned wheels, 
on account of losses in foam, friction, and leakage. The investi- 
gation will be limited to the case of full gate, since when the gate 
is partially depressed, a loss of energy results from the sudden 
expansion of the entering water. 

The notation will be the same as that used in Chaps. 11. 
and 12, and as shown in Figs. 1746 and 174c; the reasoning will 
apply to both outward- and inward-flow turbines. Let 7 be the 
radius of the circumference where the water enters the wheel and 
r, that of the circumference where it leaves, let « and be the 
corresponding velocities of revolution; then wry = mr. Let v9 
be the absolute velocity with which the water leaves the guides 
and enters the wheel, and V its velocity of entrance relative to the 
wheel; let « be the approach angle and ¢ the entrance angle 
which these velocities make with the direction of w. At the exit 
circumference let V; be the relative velocity with which the water 
leaves the guides, and its absolute velocity; let 8 be the exit 
angle which V; makes with this circumference. Let ao, a, and a 
be the areas of the guide orifices, the entrance, and the exit orifices 
of the wheel, respectively, measured perpendicular to the direc- 
tions of 7, V, and V;. Let do, d, and d; be the depths of these 
orifices; when the gate is fully raised, dp becomes equal to d. 

The areas do, a, a, neglecting the thickness of the guides and 
vanes, and taking the gate as fully open, have the values 


do = 27rd sine a= 2Trdsind a = 277d, sinB 


and since these areas are fully filled with water, 


q=%- 27rd sine = V - arrd sind = Vy - 2rd, sinB (176), 
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These relations, together with the formulas of the last article 
and the geometrical conditions of the parallelograms of velocities, 
include the entire theory of the reaction turbine. 

In order that the efficiency of the turbine may be as high as 
possible the water must enter tangentially to the vanes, and the 
absolute velocity of the issuing water must be as small as possible. 
The first condition will be fulfilled when # and v9 are proportional 
to the sines of the angles $6 — a and ¢. The second will be se- 
cured by making # = V, in the parallelogram at exit, as then 
the diagonal v; becomes very small. Hence 

us = sin(p — «) uUy= Vi (176)>s 
Vo sind 
are the two conditions which should obtain in order that the 
hydraulic efficiency may be a maximum. 
Now making V; = m in the third quantity of (176), and 
equating it to the first, there results 


my rd sine urd sina 
at = and a are 
Vo nd, sin8 Vo nd sin8 


Also making V; = m in (175); and substituting for V? its value 
u2 + 092 — 2Uvo cose from the triangle at A between uw and 2, 
there is found the important relation 
UV Cosa = gh (176) 
which gives another condition between u and v. The velocity 
Yo, with which the water enters, hence depends upon the speed of 
the wheel as well as upon the head h. 
Thus three equations between two unknown quantities « and 
v) have been deduced for the case of maximum hydraulic efficiency, 
namely, 
u_ sin($ — a) u_ rd sina Pie gh 
Vo sinp Y  mn?d, sinB cosa 
If the values of the velocities # and 2 be found from the first and 
third equations, they are 
v=,/ sin(p — «) v= pes esos (176)4: 


cosa sing ” cosa sin( — a) 
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the first of which is the advantageous velocity of the circumference 
where the water enters, and the second is the absolute velocity 
with which the water leaves the guides and enters the wheel. 
In order, however, that these expressions may be correct, the 
first and second values of «/v») must also be equal, and hence 
sin(d —«) rd sine (176), 
sing 7rd sing 
which is the necessary relation between the dimensions and 
angles of the wheel in order that this theory may apply. 
For a turbine so constructed and running at the advantageous 
speed the theoretic hydraulic efficiency is 


sb) eset 
ee tN aE ST 48 
2gh gh 
and substituting for “ its value in terms of uw from (176)s, and 
having regard to (176);5, this becomes 


€=1 = tane tanz8 (176). 
1 

The discharge under the same conditions is g = dv, and lastly 

the work of the wheel per second is k = wahe. 


The result of this investigation is that the general problem of 
investigating a given turbine cannot be solved theoretically, unless 
it be so built as to approximately satisfy the condition in (176)s. 
If this be the case, it may be discussed by the formulas deduced. Even 
then no very satisfactory conclusions can be drawn from the numerical 
values, since the formulas do not take into account the loss by frict’on 
and that of leakage. To determine the actual efficiency, best speed, 
and power of a given turbine, the only way is to actually test it by the 
method described in Art. 149. The above formulas are, however, 
of great value in the discussion of the design of turbines. More 
exact formulas, from a theoretical standpoint, may be derived by using 
the condition V; = m, cos@ instead of V; = mu, to determine the exit 
velocity v, (Art. 168), but these are very complex in form, and numeri- 
cal values computed from them differ but little from those found from 
the formulas here established. 


When the coefficient of discharge of a turbine is known (Art. 
175), the advantageous speed and corresponding discharge may be 
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closely computed. For this purpose the condition “4, = V, =g/q is 
to be used. Inserting in this the value of g from (175), and solving 
for u,, there is found 


Oe 
c2 + 2gh 
1-?—4%-2--¢ 
ee iy? 


which gives the advantageous velocity of the circumference where the 
water leaves the wheel, and then by (175). the discharge can be ob- 
tained. As an example, take the case of Holyoke test No. 275, where 
r, = 27% inches, r = 213 inches, h = 23.8 feet, a = 2.066, a = 5.526, 
a; = 1.949 square feet, « = 253°, @ = 90°, B= 117°. Assuming 
¢ = 0.95, as the turbine is similar to that investigated in the last 
article, the above formula gives “, = 31.24 feet per second, which cor- 
responds to 130 revolutions per minute, and this agrees well with the 
actual number 138. The efficiency found by the test at that speed was 
0.79, which is a very much less value than the above theoretic formula 
gives, since this formula was derived without taking into account the 
friction losses within and without the wheel. 

Prob. 176. For the case of the last problem r = 4.67, m1 = 3.95, 
fie ord, = 1-23, b= 13.4 leet, 6 = 9°.5, @ =119°, B =11°. Compute 
the areas dy, a, a1, and the advantageous speed. Compute also the velocity 
with which the water enters the wheel. 


Art. 177. DESIGN OF REACTION TURBINES 


The design of an outward- or inward-flow turbine for a given 
head and discharge includes the determination of the dimensions 
r, 1, a, di, and the angles «, 8,and ¢. These may be selected in 
very many different ways, and the formulas of the last article 
farnish a guide how to make a selection so as to secure a high 
degree of efficiency. 

First, it is seen from (176), that the approach angle # and the 
exit angle 8 should be small, but that, as in other wheels, 8 has 
a greater influence than «. However, 8 must usually be greater 
for an inward-flow than for an outward-flow wheel in order to 
make the orifices of exit of sufficient size. For the entrance angle 
¢ a good value is go°, and in this case the velocity « is always that 
due to one-half the head, as seen from (176)4. The radii r and 1 
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should not differ too much, as then the frictional resistance of the 
flowing water and the moving wheel would be large. It is also 
seen that the efficiency is increased by making the exit depth d; 
greater than the entrance depth d, but usually these cannot greatly 
differ, and are often taken equal. 


Secondly, it is seen that the dimensions and angles should be 
such as to satisfy the formula (176);, since if this be not the case - 
losses due to impact at entrance will occur which will render the 
other formulas of little value. 


Most American reaction turbines are of a modified inward-flow 
type in which the direction of the entering water is at first inward 
and then downward as in Fig. 174d. The design of these can scarcely 
be made by theoretical rules, but must mostly depend upon the 
results of tests of wheels previously built, the effort in each improve- 
ment being to increase the efficiency. Such turbines are made by 
different manufacturers in many different types and sizes, and Art. 
181 gives the practical method of selecting one to fulfil required 
conditions. 

Prob. 177. To design an outward-flow turbine which shall use 1-0 
cubic feet per second under a head of 18 feet and make too revolutions 
per minute, let the entrance angle ¢ be taken at 90°. Show that the 
advantageous velocity of the inner circumference of the wheel is 24 feet 
per second and hence that the inner radius should be 2.3 feet. 


Art. 178. DowNwarpb-FLOW TURBINES 


Downward- or parallel-flow turbines are those in which the 
water passes through the wheel without changing its distance from 
the axis of revolu- 


tion. In Fig.178a_ jij 

isa semivertict ff Le f, 7 7 7 7 
section of the guide {jh 3 

and wheel passages, || 

and also a develop- Fig. 178a. oi 

ment of a portion i. 

of a cylindrical section showing the inner arrangement. The 


formula for the discharge can be adapted to this by making 
u; = 4. In this turbine there is no action of centrifugal force, 
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so that the relative exit velocity V; is equal to the relative en- 
trance velocity V. 


The great advantage of this form of turbine is that it can be 
set some distance above the tail race and still obtain the power 
due to the total fall. This distance cannot exceed 34 feet, the 
height of the water barometer, and usually it does not exceed 
25 feet. Fig.1780 shows in a dia- 
grammatic way a cross-section of the 
penstock P, the guide passages G, 
the wheel W, and the air-tight draft 
tube T, from which the water es- 
capes by a gate £ to the tail race. 
The pressure-head H, on the exit 
orifice is here negative, so that the 
air pressure equivalent to this head 
is added to the water pressure in 
the penstock, and hence the discharge 
through the guides occurs as if the 
wheel were set at the level of the tail 
race. Strictly speaking, a vacuum, 
fy‘ —_ more or less complete, is formed just 
mem — below the wheel into which the water 

Las drops with a low absolute velocity, 
having surrendered to the wheel 
nearly all its energy. Draft tubes 
are also often used with inward-flow turbines when these are set 
above the tail race. 

Let i be the total head between the water levels in the head and 
tail races, 4p the depth of the entrance orifices of the wheel below the 
upper level, /, the vertical height of the wheel, and hy the height of the 
exit orifices above the tail race; so that h = Intinth. Let H and 
H, be the heads which measure the absolute pressures at the entrance 
and exit orifice of the wheel, and /, the height of the water barometer. 
Let 2) be the absolute velocity with which the water leaves the guides 
and enters the vanes, and V and V; the relative velocities at entrance 
and exit. Then from the theorem of energy in steady flow (Art. 31), 


mi 
tat 


| 


eat 


470 Chap. 14. Turbines 


1? = 22 (ha +ho — H) Z 

V2 = V?+ 22(m +H — Mi) 
Adding these two equations there results 

wo — V2+Vf= 2¢(hothm+h. — H;) 

But 4g — Hy is equal to hz, and hence 

vo? — V2 + Vi? = 2gh 
This formula is the same as (175); if w be made equal to 1, and hence 
all the formulas of the last three articles apply to the downward-flow 
reaction turbine by making equal the velocities u and 1, as also the 
radii ¢ and 74. 

Prob. 178. A downward-flow turbine with draft tube has its exit 

orifice 7.5 feet above the level of the tail race and it uses 92 cubic feet of 


water per second under a head h of 27 feet. What is its horse-power when 
the efficiency, as measured by the friction brake, is 78 percent ? 


Art. 179. Imputse TurBINES 


Whenever a turbine is so arranged that the channels between 
the vanes are not fully filled with water, it ceases to act as a 
reaction turbine and becomes an impulse turbine. A turbine 
set above the level of the tail race becomes an impulse turbine 
when the gate is partially lowered, unless the gates are arranged 
so as to cover the exit orifices instead of being, as usual, in front 
of the entrance orifices. 


The theoretic velocity with which the water leaves the 
guides in an impulse turbine is simply / 2gho, where ho is the 
head on the guide orifices. The rules and formulas in Art. 
168 apply in all respects, and for a well-designed wheel the 
entrance angle ¢ is double the approach angle a, the advantage- 
ous speed and corresponding hydraulic efficiency are 

= Bho Dy ieee. (2 sin 2)" 
2 COS*a r COSa@ 


while the discharge is g = ap 2gho, and the work of the turbine 
per second is k = whqoe. Impulse turbines are but little used 
in comparison with reaction turbines. 
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Impulse turbines revolve more slowly than reaction turbines 
under the same head, but the relative entrance velocity V is 
greater, and hence more energy is liable to be spent in shock and 
foam. In impulse turbines the entrance angle ¢ should be double 
the approach angle a, but in reaction turbines it is often greater 
than 3a, and its value depends upon the exit angle 8; hence the 
vanes in impulse turbines are of sharper curvature for the same 
values of a and 6. In impulse turbines the efficiency is not low- 
ered by a partial closing of the gates, whereas the sudden enlarge- 
ment of section causes a material loss in reaction turbines. The 
advantageous speed of an impulse turbine remains the same for 
all positions of the gate, but with a reaction turbine it is very much 
slower at part gate than at full gate. For many kinds of machin- 
ery it is important to maintain a constant speed for different amounts 
of power, and with a reaction turbine this can only be done by a 
great loss in efficiency. When the water supply is low, the impulse 
turbine hence has a marked advantage in efficiency. A further 
merit of the impulse turbine is that it may be arranged so that 
water enters only through a part of the guides, while this is impossible 
in reaction turbines. On the other hand, reaction turbines can be 
set below the level of the tail race or above it, using a draft tube in 
the latter case, and still secure the power due to the total fall, whereas 
an impulse turbine must always be set above the tail-race level and 
loses all the fall between that level and the guide orifices. 

Prob. 179. An outward-flow impulse turbine is to use 120 cubic feet 
per second under a head of 18 feet and make 77 revolutions per minute. 
Show that the entrance angle ¢ should be about 48° if the inner radius 
of the wheel is 2.3 feet. 


Art. 180. SprEctaL DEVICES 


Many devices to increase the efficiency of reaction turbines, 
particularly at part gate, have been proposed. In the Fourney- 
ron turbine a common plan is to divide the wheel into three parts 
by horizontal partitions between the vanes, so that these are 
completely filled with water when the gate is either one-third 
or two-thirds closed (see Fig. 182d). The surface exposed to 
friction is thus, however, materially increased at full gate. 

The Boyden diffuser is another device used with outward-flow 


reaction turbines. This consists of a fixed wooden annular 
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frame D placed around the wheel W, through which the water 
must pass after exit from the wheel. Its width is about four or 
five times that of the wheel, and 
at the outer end its depth becomes 
about double that of the wheel. 
‘he effect of this is like a draft 
tube, and although the absolute 
velocity of the water when issuing 
from the wheel is greater than be- 
eee fore, the absolute velocity of the 
water coming out of the diffuser is less, and hence a greater 
amount of energy is imparted to the turbine. It has been 
shown above that the efficiency of a reaction turbine is increased 
by making the exit depth d; greater than the entrance depth d, 
and the fixed diffuser produces the same result. By the use of 
this diffuser Boyden increased the efficiency of the Fourneyron 
reaction turbine several percent. 


The pneumatic turbine of Girard was devised to overcome 
the loss in reaction turbines due to a partial closing of the gate. 
The turbine was inclosed in a kind of bell into which air could 
be pumped, thus lowering the tail-water level around the wheel. 
At part gate this pump is put into action, and as a consequence 
the air is admitted into the wheel, and the water flowing through 
it does not fill the spaces between the vanes. Hence the action 
becomes like that of an impulse turbine, and the full efficiency 
is maintained, although power is lost in compressing the air. 

At a high stage of the stream, when water flows to. waste 
over the dam, backwater usually lessens the available fall and 
power. To increase that fall and power, Herschel in 1908 
devised and tested at the Holyoke testing flume the plan of 
connecting the lower end of the turbine draft tube to a chamber 
wherein a partial vacuum is produced by causing part of the 
waste to flow through a tube shaped like the Venturi meter, 
suitable connection being made between the throat of this tube 
and the vacuum chamber. This device, called ‘ the fall in- 
creaser,”’ gives greater available power at high-water stages, 
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since the vacuum head ho is added to the head hk between the 
upper and lower water levels and thus the discharge through 
the turbine is increased.* 

The screw turbine consists of one or two turns of a helicoidal 
surface around a vertical shaft, the screw being inclosed in a cylin- 
drical case. At a point where the water enters on the helicoidal 
surface its downward pressure can be resolved into two components, 
a relative velocity V parallel to the surface and a horizontal velocity 
u which corresponds to the velocity of the wheel. At the exit it 
can be resolved in like manner into Vj and #4. But, as in other cases, 
the condition for high efficiency is uj = V1, and, since the water 
moves parallel to the axis “4, = u. Applying the general formula 
of Art. 175, it is seen that this can only occur when the head h is 
zero or when the velocity w is infinite. The screw turbine is hence 
like a reaction wheel and high efficiency can never practically be 
obtained by its use. 

Of all the special devices for increasing the power of turbines 
that of the draft tube has proved the most valuable. Increasing 
the depth of the exit orifices also increases the hydraulic effici- 
ency of the outward- or inward-flow turbine, as formula (176). 
shows. The common American reaction turbine is, however, 
of a mixed-flow type, the direction of flow of the water through 
it being first inward and then downward. In the more modern 
styles of these the area of the exit orifices is increased so that 
part of the water may turn outward at its exit as shown by 
the arrows in Fig. 174d; this is accomplished by proper curves 
of the buckets so that the lower part of the bucket case, or 
runner as it is often called, is larger in diameter at the exit 
than at the entrance, as seen in Fig. 182. 


Turbines for ordinary requirements of power and speed are’ 
kept in stock by manufacturers and may be obtained at short 
notice; Art. 181 gives information with regard to the selection 
of such stock turbines. Very large turbines, however, are 
specially designed by experts for the data and requirements of 
each particular case; Art. 182 gives notes regarding some large 
turbines which have been erected since 1895. 


* Harvard Engineering Journal, June, 1908. 
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Prob. 180. Consult Iron Age, March 13, 1913, and ascertain the special 
arrangements used for admitting the water to the great turbines of the plant 
at Keokuk on the Mississippi River. 


Art. 181. TyprE CHARACTERISTICS 


Turbines are of the same type when they differ only in size, 
they being in all other respects geometrically similar. A tur- 
bine manufacturer usually has several different types, and 
of each type there are six or more sizes. The types may vary 
in number of guides and buckets, in their thickness, in their 
angles at entrance and exit, and in the ratio of entrance to 
exit orifices. But in all the sizes of a given type the number 
and angles of guides and buckets is the same, linear dimensions 
vary as the diameters, and areas of entrance and exit vary as 
the squares of the diameters. By the diameter of an outward- 
or inward-flow turbine is meant the diameter of the buckets 
where the water enters, or it is double the radius 7 of the preced- 
ing formulas. For a downward- or mixed-flow turbine the 
diameter may be any dimension connected with the radial direc- 
tion, it being taken for a given type always between the same 
definite points. In turbine catalogs the word size is generally 
used instead of diameter. 


The speed of a turbine is the number of revolutions per 
minute, and the best or advantageous speed is that which gives 
the maximum hydraulic efficiency. All turbines of the same 
type have the same advantageous speed and the same hydraulic 
efficiency under a given head; thus, for an outward- or inward- 
flow turbine, formula (176)4 gives the same velocities for a given 
h, and formula (176)¢ gives the same efficiencies for all sizes of 
a given type. 

The advantageous speeds of two turbines of the same type, 
under the same head, are inversely as their diameters. Let 
N’ and N” be the number of revolutions per minute, and D’ 


and D” the diameters. Then the velocities at the extremities 
of the diameters are 


ul = 2mD!N’/60 yl = arD” N"’/60 
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Now from the formula (176)4 the velocities u’ and w’’ are equal 
to the same constant function of # and the angles, hence D’N’ 
= D'N”, or 

N’/N” = DED! 


that is, under the same head, the speeds of different sizes of 
the same’type are inversely as their diameters. Thus, if a 
20-inch turbine has 320 revolutions per minute for its best 
speed under a head of 16 feet, then a 4o-inch turbine of the 
same type under the same head will have 160 revolutions per 
minute for its best speed. 


The discharges through two turbines of the same type under 
the same head are proportional to the squares of their diameters. 
For the discharge is g = dovo (Art. 176) in which vo is constant 
and do varies as D?, hence, under the best speed and the same 


head, 4 
q/q’ = (D'/D". 


Thus, if a 20-inch turbine under a head of 16 feet uses 32 
cubic feet of water per second, then a 4o-inch turbine of the 
same type under the same head will require 128 cubic feet per 
second. 

The horse-powers of two turbines of the same type under 
the same head are also proportional to the squares of their 
diameters, since the work is proportional to q when / is a con- 
stant; hence if HP’ and HP’ be the horse-powers, 


HP’ / HP’ = (D'/D")? 
Thus, if a 20-inch turbine under a head of 16 feet delivers 12 


horse-power, then a 40-inch turbine of the same type under the 
head of 16 feet will deliver 48 horse-power. 


It is important now to determine how the speed JV, dis- 
charge g, and horse-power HP vary with the head / for different 
diameters D of the same type. From (176)4 the velocity 
varies as V h, hence DN also varies as “/ h, and accordingly, 


if ky be a constant, rr, 
N = kiVh/D (181): 
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— 


From q = 4o2o, there is also found 
gq = koD?Vh (181)> 


where ko is another constant. From HP = wghe, the efficiency 
e being the same for all sizes of the same type, there results 

HP = k3D?h' (181)3 
The three constants ki, ke, k3 should be the same for all sizes 
of the same type. Hence by a test on one size of a given type 
the constants ki, ke, k3 for that type may be found from the 
above equations. These formulas also show for any given 
diameter D, that the speed NV varies as Vh, that the discharge 
g also varies as /h, and that the horse-power HP varies as 
hVh or h’. Thus in order to double the speed or discharge of 
a given turbine the head must be quadrupled, and in order to 
double the horse-power the head must be increased 57.4 percent. 


The specific speed, or characteristic speed as it is called 
by some writers, is the speed of a one horse-power turbine 
under a head of one foot. Eliminating D from (181), and (181)3 
there results V = kiks*h'/ HP’: now letting # = 1 and HP =1, 
it is seen that £ik3' is the specific speed, which will be denoted 
by NV; hence Rae 

N, = N HP*/i (181)4 


is the formula for computing specific speed when J, HP, h 
have been found by a test. For example, take the Boyden tur- 
bine of Art. 150, for which N = 70, hk = 17.27, HP = 118.4; 
from these the specific speed is N; = 21.6. Each type of 
turbine has its own specific speed which is entirely independent 
of size, since the diameter D does not appear in (181)4. For 
low-speed turbines the value of V; ranges from 10 to 20, for 
medium-speed turbines from 30 to 50, for high-speed turbines 
from 60 to 80, and for very high-speed turbines from go to Ioo. 
The actual speed of any size depends of course upon its diameter, 
small diameters moving more rapidly than the larger ones. 


The specific discharge is the discharge of a one horse-power 
turbine under a head of one foot. Eliminating D from (181)e 
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and (181)3 there results g = (ko/ks) HP /h; now letting h = 1 
and HP = 1, it is seen that k2/ks is the specific discharge which 
will be denoted by q;; hence 


q: = gh/ HP (181)s 
is the formula for computing specific discharge when q, h, HP 
have been found by a test. For example, take the Boyden 
turbine of Art. 150, for which g = 118.4, = 17.27, HP = 177.4; 
from these the specific discharge is g; = 10.4 cubic feet per 
second. ‘The specific discharge is characteristic of the efficiency 
of a given type and is the greater the lower the efficiency. For 
high efficiency the specific discharge is less than 10, for medium 
efficiency it ranges from 10.5 to 11.5, for low efficiency it is 
greater than 12. The specific speed does not depend at all 
upon the diameter. 


The specific diameter of a given type is the diameter D; 
corresponding to kh =1 and the specific speed N;. Hence 
from (181); k1 = ND; thus when WN and D are known from a 
test on one size the value of k; or N.D, is known for the type. 


By means of a test on one size of a type the quantities 
N., gs and #; can be computed. Accordingly for any other size 
of that type under any head h, 


N=Nw/HP!  g=qHP/h D=khyWVh/N (181) 


The following table gives approximate values of Ws, gs and’h1, 
_which have been computed for a few different types from the 
performances given in the American Civil Engineers’ Pocket 
Book, pages 882-883. 


By the help of this table and the above formulas many practical 
problems relating to turbines can be solved. For example take the 
Smith type, for which N; is 81; let it be required to find what size is 
needed to furnish 354 horse-powers under 35 feet head; here the best 
speed is N = 81 X 35%/354% = 366 revolutions per minute, the 
quantity of water required is g = 10.9 X 3 54/35 = 110 cubic feet 
per second, and the diameter of the wheel runner is 


D = 1660 X 353/366 = 27 inches, 
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TABLE 181. CoNnSsTANTS FOR REACTION TURBINES 


Specific Specific Specific 

Manufacturer Type Te a are 
Allis-Chalmers Co. A £304 EIEO 1078 
B 20.4 11.6 II49 
Cc 29.4 11.6 1224 
D 40.6 it oe 1280 
Ridson-Alcott Co. Alcott 47 Ete 1250 
Ridson Ares 10.4 1350 
Leviathan TA Ti20 1714 
S. Morgan Smith Co. | McCormick | 53 TiO 1260 
New Success | 57 TiO 1350 
Smith 81 10.9 1660 


Again let it be required to find the type to furnish 580 horse-powers 
under a head of 33 feet at 100 revolutions per minute; here 


Nz = 100 X 580#/33% = 30.5; 


here the type C is the nearest in the table and the size D = 70 inches 
corresponds closely to that theoretically required. Again let it be 
required to find what turbine will furnish 28 horse-powers under 
16 feet head at 1000 revolutions per minute; here 


Ns = 1000 X 283/16 = 16s, 


which shows that no turbine can fulfil this condition since NV, is never 
greater than 100; several different types will, however furnish 28 
horse-powers under 16 feet head, but the speed will be much slower 
than 1000 revolutions per minute. 


To make detailed comparisons between different types for a 
given case, catalogs of manufacturers must be obtained and the per- 
formances there given be carefully studied. Then questions of cost 
and installation must be taken up before a decision can be made as 


to the most advantageous type and size of turbine which should be 
used. 


When a computed specific speed falls below 10, a turbine cannot 
be used. An impulse wheel driven by the discharge of a single nozzle 
has values of the specific speed ranging from 1 to 5, for two nozzles 
it ranges from 1.4 to 7, and for four nozzles from 2 to to. However, 
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performances of types of such wheels are less definitely known than 
those of reaction turbines, and the same is true of turbines which act 
by impulse only. 


Prob. 181a. When a turbine has an efficiency of 0.80, what is its 
specific discharge? When the specific discharge is 10.4 cubic feet per 
second, what is the efficiency? 


Prob. 181. The catalog of a turbine manufacture gives, for the 
48-inch size of a certain type, HP = 145, g = 175 cubic feet per second, 
N = 104 revolutions per minute, all for 9 feet head. What are the values 
of HP, g, and N for the 72-inch size of the same type under a head of 16 feet? 


Art. 182. LarcE REACTION TURBINES 


In the eighth and ninth editions of this book the large 
Fourneyron turbines erected at Niagara Falls from 1894 to 1900 
were fully described. There were ten of these wheels, each of 
5000 nominal horse-powers, operated under a head of 136 feet 
at 250 revolutions per minute with a discharge of 450 cubic feet 
per second. These wheels have been removed since 1912 and 
hence the detailed description is here omitted. Fig. 182a is, 
however, retained in order to show how the water was carried 
by penstocks from the river to the wheels and how the vertical 
shafts of the turbines were connected at the top, to the electric 
generators. A test of one of these turbines, made in 1895, 
showed that 5408 electrical horse-powers were developed by an 
expenditure of 447.2 cubic feet of water per second under a 
head of 135.1 feet; the efficiency of the dynamo being 97 per- 
cent, the efficiency of the turbine and approaches was 823 per 
cent. It will be seen, in Fig. 182c, that the water, after leaving 
the wheel, dropped several feet to the level of the tail water 
in the exit tunnel; hence this part of the fall was lost to the 
wheel. For this and for other reasons, these outward-flow 
turbines have been replaced by inward-flow Francis wheels, 
these being provided with draft tubes through which the water 
passes to the tunnel, the head being thus increased from 136 to 
144 feet. 

Draft tubes cannot easily be attached to outward-flow 
turbines and the use of these increases the power to such an 
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extent that nearly all modern turbines are of the inward-flow 
kind, the water entering horizontally and then passing down- 
ward. These draft tubes usually extend downward obliquely 
and discharge the water near the bottom of the tail race. The 
buckets of these turbines are usually flared outward where the 
water leaves, so as to increase the area of the exit orifices and 
thus diminish the absolute velocity of exit. Fig. 1825 * shows 
on the left a runner for a large German turbine, while on the 
right is seen the fixed case containing the guides. The turbine 


Fig, 1820, 


is rendered complete by placing the guide annulus over the 
smaller part of the runner. 

While the largest turbines at Niagara Falls revolve hori- 
zontally on vertical shafts, some smaller ones are placed on 
horizontal shafts in the manner seen in Fig. 174f. Many 
large turbines in other localities also revolve vertically on 
horizontal shafts; in such cases the wheel is placed in an en- 
closing case into one side of which the water enters through 
a penstock while it escapes through a draft tube attached to the 
case near the turbine axis. The enclosing case is not concentric 
with the wheel, but the space between is volute-shaped so that 


# Camerer, Wasserkraftmaschinen (Berlin, 1914), plate 25. 
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the area between case and guide ring decreases with distance 
from the entrance. Fig. 128c * gives front and side outline 
views of a turbine of this kind; two of these turbines were 
installed in 1912 at the power development on the White River: 
in California, each being rated as 22 500 horse-powers under 
440 feet head at 360 revolutions per minute; this wheel has a 
double discharge from the enclosing case.t 


Many other reaction turbines of a capacity of 10 coo horse- 
powers or higher have been installed since 1905. Of these can 
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only be mentioned here those of the great development at 
Keokuk on the Mississippi River, where 30 turbines, each of 
10 ooo horse-powers, will operate under about 32 feet head at 
57.7 revolutions per minute, and those of the Cedar Rapids 
plant on St. Lawrence River, which have the largest dimensions 
of any built prior to 1915; these last are guaranteed to have a 
maximum efficiency of at least 87 percent when operating under 
an effective head of 30 feet at 55.6 revolutions per minute. 

The following is a partial list of recent articles on water wheels, 
turbines, and water-power plants, especially those of large installa- 
tions: 

(1) A High-head Francis turbine. Engineering News, March 
19, 1908, and Engineering Record, March 21, 1908. 


* Courtesy of Allis-Chalmers Manufacturing Co., Milwaukee, Wis. 
} Engineering News, April 13; 1902) py 730. 
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, (2) A theoretical article by Zowski on specific speed. Engineer- 
ing News, January 28, 1909. 

(3) Canadian Niagara Falls Plant by Van Cleve. Transactions 
American Society of Civil Engineers, 1909, Vol. 62, p. 199. 

(4) A historical article giving facts regarding many installations. 
Engineering Magazine, March, roro. 

(5) A historical article. Transactions American Society of Civil 
Engineers, 1910, Vol. 66, p. 306. 

(6) Turbines at Niagara. Electrical World, December 20, 
IQIo. 

(7) The Michocan Power Plant in Mexico. American Machinist, 
August 18, rgro. 

(8) Theoretic Discussion of Specific Speedby Baashus. Engineer- 
ing News, March 2, ro1tr. 

(9) A Large Pelton Wheel in Brazil. London Engineering, 
September 13, 1912. 

(10) The Great Plant at Keokuk, Iowa. Engineering Record, 
November 16, 1912, and Iron Age, March 13, 1973. 

(11) New Turbines of the Niagara Falls Power Co. Engineer- 
ing Record, October 18, 1913. 

(12) A Large Turbine in Switzerland. London Engineering, 
November 8, 1913. 

(13) Modern Reaction Turbines. General Electric Review, 
June, 1914. 

(14) Turbines at Cedar Rapids on St. Lawrence River. Engi- 
neering News, April 1, 1915. 

(15) Hydro-electric Power Development in Alabama. Trans- 
actions American Society Civil Engineers, 1915, Vol. 78, p. 1409. 

(16) Design of MHydro-electric Power Plants. Transactions 
American Society Civil Engineers, 1915, Vol. 79, p. 100. 

(17) The Large Burden Overshot Wheel at Troy, N. Y. (diam- 
eter=<7 feet). Transactions of American Society Civil Engineers, 
1915, Vol. 70, p. 708. 

Prob. 182a. Consult the above mentioned periodicals and describe 
power plants for the development of electrical energy which have been in- 
stalled at Niagara Falls, especially that of the Canadian Niagara Power 
Company and that of the Ontario Power Company. 
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Prob. 1825. A dynamo delivering 4100 kilowatts has an efficiency of 
97.5 percent, while the efficiency of the turbine is 81.3 percent and that of 
the approaches to the turbine is 99.7 per cent. The turbine is of the Jonval 
type, and the difference between the levels of head and tail race is 14.4 
meters. How many cubic meters of water are used per second? 


Prob. 182c.. Consult the turbine performances given on pages 882-883 
of the American Civil Engineers’ Pocket Book, and compute therefrom 
some of the constants given in Table 181. 


Prob. 182d. Compute the efficiency of a reaction wheel (Art. 172) 
for a head of 3.5 meters when the radius of the exit orifices is 0.64 meter 
and the number of revolutions per minute is 130, the coefficient of velocity 
being 0.95. 


Prob. 182e. An electric generator delivering 4100 kilowatts has an 
efficiency of 97.5 percent, while the efficiency of the turbine is 81.3 per- 
cent, and that of the approaches to the turbine is 99.7 percent. The 
turbine is of the Jonval type, and the difference between the water levels 
of head and tail races is 14.4 meters. How many cubic meters of water 
per second are used? 


182f. Consult Camerer’s Wasserkraftmaschinen (Berlin, 1914) and 
ascertain facts regarding the large turbine shown in Fig. 1820. 


182g. Consult Engineering News, April 18, 1912, and ascertain facts 
regarding the large turbine shown in Fig. 182c. 
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CHAPTER 15 
NAVAL HYDROMECHANICS 
Art. 188. GENERAL PRINCIPLES 


In this chapter is to be discussed in a brief and elementary 
manner the subject of the resistance of water to the motion of 
vessels, and the general hydrodynamic principles relating to their 
propulsion. The water may be at rest and the vessel in motion, 
or both may be in motion as in the case of a boat going up or 
down a river. In either event the velocity of the vessel relative 
to the water need only be considered, and this will be cailed v. 
The simplest method of propulsion is by the oar or paddle; then 
come the paddle wheel, and the jet and screw propellers. The 
action of the wind upon sails will not be here discussed, as it is 
outside ofthe scope of this book. 


The unit of linear measure used on the ocean is generally 
the nautical mile, while one nautical mile per hour is called a 
knot. One nautical mile is about 6080 feet, so that knots may 
be transformed into feet per second by multiplying by 1.69, and 
feet per second may be transformed into knots by multiplying 
by 0.592. On rivers the speed is estimated in statute miles per 
hour, and the corresponding multipliers will be 1.47 and 0.682. 
One kilometer per hour equals 0.621 miles per hour or 0.91 feet 
per second. On the ocean the weight of a cubic foot of water is 
to be taken as about 64 pounds (it is often used as 64.32 pounds, 
so that the numerical value is the same as 2g), and in rivers at 
62.5 pounds. 

The speed of a ship at sea was formerly roughly measured 
by observations with the log, which is a triangular piece of wood 
attached to a cord which is divided by tags into lengths of about 


soz feet. The log being thrown into the water, it remains sta- 
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tionary, the ship moves away from it, and the number of tags 
run out in half a minute is counted; this number is the same as 
the number of knots per hour at which the ship is moving, since 
502 feet is the same part of a knot that a half minute is of an hour. 
The patent log, which is a small self-recording current meter, 
drawn in the water behind the ship, is, however, now generally 
used, this being rated at intervals (Art.40). In experimental 
work more accurate methods of measuring the velocity are neces- 
sary, and for this purpose the boat may run between buoys 
whose distance apart has been found by triangulation from meas- 
ured bases on shore. 

The Pitot tube has recently been applied to the determina- 
tion of the velocity of a ship through the water. By the use in 
connection with this tube of a recording mechanism similar to 
that described in Art. 38 for the Venturi meter it would seem 
possible to automatically record on dials both the speed through 
the water as well as the total number of miles passed over. By 
the use of a chart an autographic record of variations in the speed 
could also be kept. Practical difficulties in the way of keeping 
the mouths of the Pitot tubes free from obstructions have already 
been to a certain extent overcome.* 


When a boat or ship is to be propelled through water, the 
resistances to be overcome increase with its velocity, and conse- 
quently, as in railroad trains, a practical limit of speed is soon 
attained. These resistances consist of three kinds: the dynamic 
pressure caused by the relative velocity of the boat and the water, 
the frictional resistance of the surface of the boat, and the wave 
resistance. The first of these can be entirely overcome, as in- 
dicated in Art. 155, by giving to the boat a “fair” form; that is, 
such a form that the dynamic pressure of the impulse near the 
bow is balanced by that of the reaction of the water as it closes 
in around the stern. It will be supposed in the following pages 
that the boat has this form, and hence this first resistance need 
not be further considered. The second and third sources of 
resistance will be discussed later. 


* Engineering News, May 4, IQII. 
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The total force of resistance which exists when a vessel is 
propelled with the velocity v can be ascertained by drawing 
it in tow at the same velocity, and placing on the tow line a dy- 
namometer to register the tension. An experiment by Froude 
on the Greyhound, a steamer of 1157 tons, gave for the total 
resistance the following figures : * 

Speed in knots, 4 6 8 se) 12 

Resistance in tons, 0.6 I.4 Ds 4-7 9.0 
which show that at low speeds the resistance varies about as 
the square of the velocity, and at higher speeds in a faster ratio. 
For speeds of 15 to 25 knots, the usual velocity of ocean steamers, 
the law of resistance is not so well known, but as an approxima- 
tion it is usually taken as varying with the square of the velocity. 


Prob. 183. What horse-power was expended in the above test of the Grey- 
hound when the speed was 12 knots per hour? 


Art. 184. FRICTIONAL RESISTANCES 


When a stream or jet moves over a surface, its velocity is 
retarded by the frictional resistances, or if the velocity be main- 
tained uniform, a constant force is overcome. In pipes, conduits, 
and channels of uniform section the velocity is uniform, and con- 
sequently each square foot of the surface or bed exerts a constant 
resisting force, the intensity of which will now be approximately 
computed. This resistance will be the same as the force required 
to move the same surface in still water, and hence the results 
will be directly applicable to the propulsion of ships. 


Let F be the force of frictional resistance per square foot of 
surface of the bed of a channel, p its wetted perimeter, dits length, 
h its fall in that length, a the area of its cross-section, and v the 
mean velocity of flow. The force of friction over the entire sur- 
face then is Fpl, and the work per second lost in friction is 
Fplv. The work done by the water per second is Wh or wavh. 
Equating these two expressions for the work, there results 


F =w(a/p)(h/l) = urs 


* Thearle’s Theoretical Naval Architecture (London, 1876), p. 347: 
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in which r is the hydraulic radius and s the slope of the water 
surface. Now inserting for rs its value from formula (113), 
there results F=wv/C 


in which w is the weight of a cubic foot of water and C is the co- 
efficient in the Chezy formula, the values of which are given in 
Chap.9 and the accompanying tables. Inasmuch as the 
velocities along the bed of a channel are somewhat less than the 
mean velocity v, the values of # thus determined will probably 
be slightly greater than the actual resistance. 
For smooth iron pipes the following are computed values 
of the frictional resistance in pounds per square foot of surface: 


Velocity, feet per second= 2 4 6 Io I5 
for 1 foot diameter F=0.023 0.080 0.17 0.43 0.92 
for 4 feet diameter F=0.015 0.053 0.11 0.28 0.59 


These figures indicate that the resistance is subject to much 
variation in pipes of different diameters; it is not easy to con- 
clude from them, or from formula (113), what the force of re- 
sistance is for plane surfaces over which water is moving. 


Experiments made by moving flat plates in still water so 
that the direction of motion coincides with the plane of the sur- 
' face have furnished conclusions regarding the laws of fluid fric- 
tion similar to those deduced from the flow of water in pipes. It 
is found that the total resistance is approximately proportional 
to the area of the surface, and approximately proportional to 
the square of the velocity. Accordingly the force of resistance 
per square foot may be written 


| P= fr’, (184) 
in which v is the velocity in feet per second and f is a number 


depending upon the nature of the surface. The following are 
average values of f for large surfaces, as given by Unwin: * 


Varnished surface, f = 0.00250 
Painted and planed plank, f = 0.003390 
Surface of iron ships, f = 0.00351 
Fine sand surface, f = 0.00405 


New well-painted iron plate, f = 0.00473 


* Encyclopedia Britannica, oth Ed., vol. [2, p. 483; rth Ed: vol. 14, Pp. 57- 
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Undoubtedly the value of f is subject to variations with the 
velocity, but the experiments on record are so few that the law 
and extent of its variation cannot be formulated. It should, 
however, be remarked that the formulas and constants here given 
do not apply to low velocities, for the reasons given in Art. 124. 
At the same time they are only approximately applicable to high 
velocities. A low velocity of a body moving in an unlimited 
stream may be regarded as 1 foot per second or less, a high veloc- 
ity as 25 or 30 feet per second. 


It may be noted that the above-mentioned experiments indicate 
that the value of F is greater for small surfaces than for large ones. 
For instance, a varnished board 50 feet long gave f = 0.00250, while 
one 20 feet long gave f = 0.00278, and one 8 feet long gave f = 0.00325, 
the motion being in all cases in the direction of the length. The re- 
sistance is the same whatever be the depth of immersion, for the fric- 
tion is uninfluenced by the intensity of the static pressure. This is 
proved by the circumstance that the flow of water in a pipe is found to 
depend only upon the head on the outlet end, and not upon the pres- 
sure-heads along its length. 


The frictional resistance of a boat or ship may be roughly esti- 
mated by taking 0.0040” and multiplying it by the immersed area. For 
instance, if this area be 8000 square feet, the frictional resistance at 
a velocity of to feet per second is 3200 pounds, but at a velocity of 20 
feet per second it is 12 800 pounds ; the horse-powers needed to over- 
come these resistances are 58 and 464, respectively. To these must 
be added the power necessary to overcome the friction of the air and 
that wasted in the production of waves. 


The above discussion refers to the case of boats moving in the ocean 
and lakes or in a stream of large width and depth. Ina canal the re- 
sistance is much greater, and it depends upon the ratio of the cross- 
section of the canal to that of the immersed portion of the boat. It de- 
pends also on the depth of the water. The “drag” of a ship in 
shoal water is very pronounced. For some experiments on the suc- 
tion of vessels consult.* When the width of the canal is about five 
times that of the boat and the area of its cross-section about seven 
times that of the boat, the resistance is but slightly greater than in an 


* Transactions American Society of Naval Architects and Marine | 


Engineers, vol. 17, 1909. 
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unlimited stream. For smaller ratios the resistance rapidly increases, 
and when two boats pass each other in a small canal, the utmost 
power of the horses may be severely taxed. The reason for this in- 
creased resistance appears to be largely due to the fact that the 
velocity of the water relative to the boat increases with the diminu- 
tion of the cross-section of the canal. Thus, if a and A be the areas 
of the cross-section of the canal and of the immersed part of the 
boat, the effective area of the water cross-section is a — A, and the 
water flowing backward through this area must have a hone rela- 
tive velocity as A increases. The value of F given by formula oe 
is accordingly increased to fv?/(1 — (A/a))?. 

Prob. 184a. What horse-power is required to overcome the frictional re- 
sistance of a boat moving at the rate of 9 knots per hour when the area of its 
immersed surface is 320 square feet ? 


Prob. 1846. A canal has a cross-section of 360 square feet, while that of 
a canal boat is 60 square feet. Show that when two boats pass each other, 
the resistance of each is increased about 60 percent. 


ArT. 185. Work REQUIRED FOR PROPULSION 


When a boat or ship moves through still water with a velocity 
v, it must overcome the pressure due to impulse of the water and 
the resistance due to the friction of its surface on the water and 
air. If the surface be properly curved, there is no resultant 
pressure due to impulse, as shown in Art. 155. The resistance 
caused by friction of the immersed surface on the water can be 
estimated, as explained above. If A be the area of this surface 
in square feet, the work per second required to overcome this 


resistance is k=AFv=fAv (185) 


The work, and hence the horse-power, required to move a boat 
accordingly varies approximately as the cube of its velocity. By 
the help of the values of f given in the last article an approxi- 
mate estimate of the work can be made for particular cases. 
The resistance of the air, which in practice must be considered, 
will be here neglected. 


To illustrate this law let it be required to find how many tons 
of coal will be used by a steamer in making a trip of 3000 miles 
in 6 days, when it is known that 800 tons are used in making 
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the trip in 10 days. As the power used is proportional to the 
amount of coal, and as the distances traveled per day in the two 
cases are 500 miles and 300 miles, the law gives T/480 = (5/3)°, 
whence T = 2220 tons. By the increased speed the expense for 
fuel is increased 277 percent, while the time is reduced 40 per- 
cent. If the value of wages, maintenance, interest, etc., saved 
on account of the reduction in time, will balance the extra expense 
for fuel, the increased speed is profitable. That such a compensa- 
tion occurs in many instances is apparent from the constant efforts 
to reduce the time of trips of passenger steamers. 


When a boat moves with the velocity v in a current which has 
a velocity win the same direction, the velocity of the boat relative 
to the water is v — u, and the resistance is proportional to (v — )? 
and the work to (v — u)*. If the boat moves in the opposite 
direction to the current, the relative velocity is »v + u, and of 
course v must be greater than u or no progress would be made. 
In all cases of the application of the formulas of this article and 
the last, v is to be taken as the velocity of the boat relative to the 
water. 


Another source of resistance to the motion of boats and ships is 
the production of waves. This is due in part to a different level of the 
water surface along the sides of the ship due to the variation in static 
pressure caused by the velocity, and in part to other causes. It is 
plain that waves, eddies, and foam cause energy to be dissipated in heat, 
and that thus a portion of the work furnished by the engines of the 
boat is lost. This source ‘of loss is supposed to consume from ro to 40 
percent of the total work, and it is known to increase with the ve- 
locity. On account of the uncertainty regarding this resistance, as 
well as those due to the friction of the water and air, practical compu- 
tations on the power required to move boats at given velocities can 
only be expected to furnish approximate results. 

The investigations of Rankine on this difficult subject led to the 
conclusion announced in 1858 in the anagram (20a, 4b, 6c, 9d, 34¢, Sf, 
4g, 16h, tot, 5/, 3m, 157, 140, AP, 39, 147, 135, 25t, 4u, 20, 2m, 1%, 4y).* 
The meaning of this anagram was published in 1861: “The resistance 
of a sharp-ended ship exceeds the resistance of a current of water of 


* Philosophical Magazine, September, 1858. 
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the same velocity in a channel of the same length and mean girth by a 
quantity proportional to the square of the greatest breadth divided by 
the square of the length of the bow and stern.” 

Prob. 185. Compute the horse-power required to maintain a velocity of 
18 knots per hour, taking A = 7473 square feet and f = 9.004. 


Art. 186. THE JET PROPELLER 


The method of jet propulsion consists in allowing water to 
enter the boat and acquire its velocity, and then to eject it back- 
wards at the stern by means of apump. The reaction thus pro- 
duced propels the boat forward. To investigate the efficiency 
of this method, let W be the weight of water ejected per second, 
V its velocity relative to the boat, and v the velocity of the boat 
itself. The absolute velocity of the issuing water is then V — 2, 
and it ig plain without further discussion that the maximum 
efficiency will be obtained when this is o, or when V = 2, as then 
there will be no energy remaining in the water which is propelled 
backward. It is, however, to be shown that this condition can 
never be realized and that the efficiency of jet propulsion is low. 


The effective work which is exerted on the boat by the reaction 
of the issuing water is 


L=W (V—v)v 
§ 
and the work lost in the absolute velocity of the water is 
B’ hie (V ate v)? 
2§ 
The sum of these is the total theoretic work, or 
Kk=-wY 
28 
Therefore the efficiency of jet propulsion is expressed by 
ie 2 
RY Gig) 


This becomes equal to unity when v = V as before indicated, but 
then it is seen that the work k becomes 0 unless W is infinite. The 
value of W is waV, if a be the area of the orifices through which 
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the water is ejected; and hence in order to make e unity and at 
the same time perform work it is necessary that either V or a 
should be infinity. The jet propeller is therefore like a reaction 
wheel (Art. 172), and it is seen upon comparison that the formula 
for efficiency is the same in the two cases. 


By equating the above value of the useful work to that es- 
tablished in the last article there is found 


feAv? =waV (V —2) 
and if this be solved for V, and the resulting value be substituted 
in the formula for e, it reduces to 


= 4 
° 3 -+V7-+(4 fed [wa) 


which again shows that e approaches unity as the ratio of a to A 
increases. The area of the orifices of discharge must hence be 
very large in order to realize both high power and high efficiency. 
For this reason the propulsion of vessels by this method has not 
proved economical, although in the case of the boat Waterwitch, 
built in England about 1860, a fair speed was attained. In nature 
the same result is seen, for no marine animal except the cuttle- 
fish uses this principle of propulsion. Even the cuttle-fish cannot 
depend upon his jet to escape from his enemies, but for this relies 
upon his supply of ink with which he darkens the water about 


him. 

Prob. 186. Compute the velocity and efficiency of a jet propeller driven 
by a r-inch nozzle under a pressure of 150 pounds per square inch when A= 
tooo square feet and f=0.004. Compute also the efficiency when the diameter 


‘of the nozzle is 3 inches. 


Art. 187. PADDLE WHEELS 


The method of propulsion by rowing and paddling is well 
known to all. The power is furnished by muscular energy within 
the boat, the water is the fulcrum upon which the blade of the 
oar acts, and the force of reaction thus produced is transmitted 
to the boat and urges it forward. If water were an unyielding 
substance, the theoretic efficiency of the oar should be unity, or, 
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as in any lever, the work done by the force at the rowlock should 
equal the work performed by the motive force exerted by the 
man on the handle of the oar. But as the water.is yielding, 
some of it is driven backward by the blade of the oar, and thus 
energy is lost. 

The paddle or side wheel so extensively used in river naviga- 
tion is similar in principle to the oar. The power is furnished by 
motor within the boat, the blades or vanes of the wheel tend to 
drive the water backward, and the reaction thus produced urges 
the boat forward. On first though it might be supposed that 
the efficiency of the method would be governed by laws similar 
to those of the undershot wheel, and such would be the case if 
the vessel were stationary and the wheel were used as an apparatus 
for moving the water. In fact, however, the theoretic efficiency 
of the paddle wheel on a boat is much higher than that of the 
undershot motor. 


The work exerted by the steam-engine upon the paddle wheels 
may be represented by PV, in which P is the pressure produced 
by the vanes upon the water, and V is their velocity of revolution ; 
and the work actually imparted to the boat may be represented 
by Pv, in which 2 is its velocity with respect to the water. Ac- 
cordingly the efficiency of the paddle wheel, neglecting losses 
due to foam and waves, is 


v v 
é ———— 
Vo oovty 
in which 2 is the difference V — 2, or the so-called “slip.” If 


the slip be o, the velocities V and v are equal; and the theoretic . 
efficiency of the wheel is unity. The value of V is determined 
from the radius 7 of the wheel and its number of revolutions 
per second; thus V = 2zrn. 


On account of the lack of experimental data it is difficult to give 
information regarding the practical efficiency of paddle wheels con- 
sidered from a hydromechanic point of view. Owing to the water 
which is lifted by the blades, and to the foam and waves produced, 
much energy is lost. They are, however, very advantageous on ac- 
count of the readiness with which the boat can be stopped and re- 
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versed. When the wheels are driven by separate engines, as is some- 
times done on river boats, perfect control is secured, as they can be 
revolved in opposite directions when desired. Paddle wheels with 
feathering blades are more efficient than those with fixed radial ones, 
but practically they are found to be cumbersome, and liable to get 
out of order. In ocean navigation the screw has now almost entirely 
replaced the paddle wheel on account of its higher efficiency. 

Prob. 187. The radius of the blades of a paddle wheel is 10.5 feet and the 
number of revolutions per minute is 24. If the efficiency is 75 percent, what 
is the velocity of the boat in miles per hour? Show that for this case the 
slip is 33 percent of the velocity of the boat. 


Art. 188. THE SCREW PROPELLER 


The screw propeller consists of several helicoidal blades 
attached at the stern of a vessel to the end of a horizontal shaft 
which is made to revolve by steam power. The dynamic pressure 
of the reaction developed between the water and the helicoidal 
surface drives the vessel forward, the theoretic work of the screw 
being the product of this pressure by the distance traversed. 
The pitch of the screw is the distance, parallel to the shaft, be- 
tween any point on a helix and the corresponding point on the 
same helix after one turn around the axis, and the pitch may be 
constant at all distances from the axis, or it may be variable. 
If the water were unyielding, the vessel would advance a distance 
equal to the pitch at each revolution of the shaft; actually, the 
advance is less than the pitch, the difference being called the 
“slip.” The effect thus is that the pressure P existing between 
the helical surfaces and the water moves the vessel with the 
velocity v, while the theoretic velocity which should occur is V, 
being the pitch of the screw multiplied by the number of revolu- 
tions per second. The work expended is hence PV or P(v +»), 
if v, be the slip per second, and the work utilized is Pv. Ac- 
cordingly the efficiency of screw propulsion is, approximately, 
ae 
= y+ 
which is the same expression as before found for the paddle 
wheel. Here, as in the last article, all the pressure exerted by the 


é 
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blades upon the water is supposed to act backward in a direc- 
tion parallel to the shaft of the screw, and the above conclusion 
is approximate because this is actually not the case, and also 
because the action of friction has not been considered. The 
practical advantage of the screw over the paddle wheel has been 
found to be very great, and this is probably due to the circum- 
stance that less energy is wasted in lifting the water and in form- 
ing waves. 

The pressure P which is exerted by the helicoidal blades upon 
the water is the same as the thrust or stress in the shaft, and the 
value of this may be approximately ascertained by regarding it 
as due to the reaction of a stream of water of cross-section @ 


and velocity v, or P=wa(v+)o/g 


Another expression for this may be found from the indicated 
work k of the steam cylinders of the engines; thus 


P=k/v 
Numerical values computed from these two expressions do not, 


however, agree well, the latter giving in general a much less value 
than the former. 


In Art. 185 the work to be performed in propelling a vessel of 
fair form having the submerged surface A was found to be 
k=fAv? 
If the value of v is taken from this equation and inserted in the 
expression for efficiency, there obtains 
I 
Cae 1 
1+0,(Af/b)! 
which shows that ¢ increases as 2, f, and A decrease, and as k 


”) 


increases. Or for given values of f and A the efficiency decreases 
with the speed. 


It has been observed in a few instances that the “slip” v, is nega- 
tive, or that V, as computed from the number of revolutions and pitch 
of the screw, is less than #. This is probably due to the circumstance 
that the water around the stern is following the vessel with a velocity 
wv, so that the real slip is V —»+- 0’ instead of V—yv. The exist- 
ence of negative slip is usually regarded as evidence of poor design. 
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. ‘Twin screws are frequently used, and since these revolve in op- 
posite directions, the vessel can be more readily controlled. Fig. 188 
shows the position 
of the twin screws 
with respect to the 
rudder. On some 
of the recent high- 
powered turbine- 
driven steamships 
two and _ three 
screws all mounted 
on a single shaft 
have been em- 
ployed. Two sets 
of engines, and two shafts, one on each. side of the rudder, are 
often employed as in Fig. 188, but a different arrangement of the 
shafts with respect to the hull of the ship permits the screws to 
be placed at considerable distances apart on the shafts, thus obtain- 
ing a greater efficiency than in the case of the single screw. 


Prob. 188. A steamer having a submerged surface of 30 000 square feet 
is propelled at 18 knots per hour by an expenditure of 6000 horse-powers. If 
the pitch of the screw is 20 feet, its number of revolutions 120 per minute, 
and f = 0.004, compute the number of lost horse-powers. 


Arr. 189. STABILITY OF A SHIP 


In Art. 14 the general principles regarding the stability of a 
floating body were stated, and these are of great importance in 
the design of ships. The center of gravity is, of course, always 
above the center of buoyancy, and the metacenter must be above 
the center of gravity in order to insure stability. The distance 
between the metacenter and the center of gravity is denoted by 
m, and if the body be inclined slightly to the vertical at the angle 
6, the moment of the couple formed by the weight W of the body 
which acts downward through the center of gravity and the up- 
ward pressure W of the displaced water which acts through the 
center of buoyancy is Wm tang. Hence m tan@ is a measure 
of the stability of the body, and the greater its value, the greater 
is the tendency of the body to return to the upright position. 
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The ‘metacentric height m cannot, however, be made very 
great, for the rapidity of rolling increases with it. When a 
floating body or ship is displaced from its vertical position, it 
rolls to and fro with isochronous oscillations like those of a pendu- 
lum, and the time of one oscillation from port to starboard is 


given by the formula 
t=aVr'/mg 


in which 7 is the radius of gyration of the weight of the ship about 
a horizontal longitudinal axis passing through its center of 
gravity. Hence if m is large ¢ is small and the ship rolls quickly; 


Fig. 189¢. Fig. 1890. 


but if m is small ¢ is large and the ship rolls slowly. The meta- 
centric height m for ocean vessels usually ranges from 2 to 15 
feet, about 6 or 8 feet being the usual value. 


The determination of the values of m and r for a ship is a labo- 
rious process, owing to its curved shape and the irregular distribution 
of its weight and cargo. The process will here be applied to the simple 
case of a rectangular prism of uniform density. Let h be the height 
and 6 the breadth of the prism, and / its length perpendicular to the 
plane of the drawing in Fig. 189a. When the prism is in the vertical 
position, its depth of flotation is sh, if s is its specific gravity (Art. 13), 
and this is also the length of the immersed portion of the axis AB 
when the prism is inclined to the vertical at the angle 6, as in Fig. 
1895. In the latter position the center of buoyancy D, being the 
center of gravity of the displaced water, is easily located, and 


x — 0 tand _ sh, bh tan’é 
12sh 2 24sh 


are its coordinates with respect to B, « being measured normal and y 
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parallel‘to AB. The distance m from the center of gravity g to the 
metacenter M is then found to be 


b? 
m = ae +4 tan?6) — $h(1 —s) 


If m is positive, the metacenter is above the center of gravity and the 
equilibrium is stable, for the moment Wm tan@ restores the prism to 
the vertical position ; if m is zero, the equilibrium is indifferent ; if m 
is negative, the equilibrium is unstable, and the prism falls over. 


The square of the radius of gyration of the prism with respect 
to a horizontal longitudinal axis through G is its polar moment of 
inertia z/(b/?-+ hb) divided by its volume lbd, whence r? = 7'z(H?-+8"). 
For example, if / is 5 feet, 0 is 8 feet, and s is 0.5, the value of 7° 
is 7.42 feet®. The value of m to be used in the above formula for the 
time of one roll is that obtained by making 6 equal to zero, since that 
formula is strictly true only for small deviations from the vertical. 
- For the above data this value of m is +0.88 feet, the plus sign denoting 
stability, and hence the time of one oscillation from port to starboard 
is { = 1.61 seconds. It is seen that ¢ can be increased either by in- 
creasing 7? or by decreasing ™; since a decrease in m is unfavorable 
to stability, it is usually preferable to increase yr, For instance, in 
loading a ship the cargo may be placed along the sides rather than near 
the middle of the hold, and this will increase 72, as the width of a ship 
is always greater than its depth. The general rule to promote sta- 
bility and prevent quick rolling is hence to place the cargo as far as 
possible from the center of gravity. 


The above formula for m shows that the moment Wm tané which 
restores the floating prism to the vertical increases with the angle 6 
up to a maximum value, then decreases, and when D arrives vertically 
beneath G, it becomes zero and the prism upsets. For the case where 
h= 5 feet, b = 8 feet, and s = 0.5, the value of m tan@ is 0.00 feet 
for = 0°, 0.10 feet for 9 = 1O>, 0.37 tects 100 0-= 20°, and 0.72 
feet for = 30°; at d= 32° the corner of the prism becomes immersed 
so that the formula no longer holds, but up to this point the moment 
constantly increases. From the above expression for m the solution 
of Prob. 14 is readily made. 

Prob. 1896. An open rectangular wooden box caisson of length /, breadth 
b, and depth d has sides of mean thickness b, and a bottom of thickness 4. 
Deduce formulas for the metacentric height m and the squared radius of 
gyration 7», Compute ™, ry’, and ¢ for a numerical case. 
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Art. 190. AcTrion oF THE RUDDER 


The action of the rudder in steering a vessel involves a. prin- 
ciple that deserves discussion. In Fig.190 is shown a plan of 
; a.boat with the rudder turned to the 
starboard side, at an angle 6 with the 
lme of the keel. ~Therwvelocityatos 
the vessel being v, the action of the 
water upon the rudder is the same as 
if the vessel were at rest and the water 
in motion with the velocity v. Let W 
be the weight of water which produces 
dynamic pressure against the rudder, due to the impulse W ° o/g 
(Art. 152). The component of this pressure normal to the rud- 


1025 P=Wv?sin@/g 


and its effect in turning the vessel about the center of gravity 
C is measured by its moment with reference to that point. Let 
b be the breadth of the rudder and d the distance CH between the 
center of gravity and the hinge of the rudder, then the lever arm 
of the force P is [eine eoe8 


and accordingly the turning moment is 
M =7W(b sind +d sin26)v/g 


To determine that value of 6 which produces the greatest effect 
in turning the boat the derivative of M with respect to’@ must 


vanish, which gives ——__ 
cosd = —$ +./E4 us 
8d 2° 64d? 


and from this the value of @ is found to be approximately 45°, 
since d is always much larger than 5. 


Values of the angle 6 for several values of the ratio b/d may now 
be computed as follows: 


b/d= 4% $ qo Too ° 
cos 8 = 0.6825 0.6916 0.6947 0.7069 0.7071 
C—Aows 8’ AOmsrcy 46° 00! 45° o1’ 45° 


Tides and Waves. Art. 191 501 


which shows that about 45° is the advantageous angle. In practice 
it is usual to arrange the mechanism of the rudder so that it can only 
be turned to an angle of about 42° with the keel, for it is found that the 
power required to turn it the additional 3° or 4° is not sufficiently com- 
pensated by the slightly greater moment that would be produced. 
The reasoning also shows that intensity of the turning moment in- 
creases with v, so that the rudder acts most promptly when the boat 
is moving rapidly. For the same reason a rudder on a steamer pro- 
pelled by a screw is not required to be so broad as one on a boat driven 
by paddle wheels, for the effect of the screw is to increase the velocity 
of the impinging water, and hence also to increase the dynamic pres- 
sure against the rudder. 


Prob. 190. Explain how it is that a boat can sail against the wind. What 
is the influence of the keel in this motion? 


Art. 191. Times AND WAVES 


The complete discussion of the subject of waves might, like 
many other branches of hydraulics, be expanded so as to em- 
brace an entire treatise, while there can be here given only 
the briefest outline of a few of the most important principles. 
There are. two classes or kinds of waves, the first including the 
tidal waves and those produced by earthquakes or other sudden 
disturbances, and the second those due to the wind. The daily 
tidal wave generated by the attraction of the moon and sun orig- 
inates in the South Pacific Ocean, whence it travels in all direc- 
tions with a velocity dependent upon the depth of water and the 
configuration of the continents, and which in some regions is as 
high as tooo miles per hour. Striking against the coasts, the tidal 
waves cause currents in inlets and harbors, and if the circum- 
stances were such that their motion could become uniform and 
permanent, these might be governed by the same laws which 
apply to the flow of water in channels. Such, however, is rarely 
the case; and accordingly the subject of tidal currents 1s one 
of much complexity and not capable of general formulation. 


The velocity of a tidal wave on the ocean is VgD, where D 
is the depth of the water. When such a wave rolls over the 
land, the greatest velocity it can have is Vgd, where d is its depth, 
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this being the case of the bore (Art. 139). The velocity of a 
wave which is produced by a sudden disturbance in a channel of 
uniform width has also been found to be VgD, where D is the 
depth of the water. 


Rolling waves produced by the wind travel with a velocity which 
is small compared with those above noted, although in water where 
the disturbance can extend to the bottom, it is generally supposed that 
their velocity is VgD. Upon the ocean the maximum length of such 
waves is estimated at 550 feet and their velocity at about 53 feet per 
second. For this class of waves it is found by observation that each 
particle of water upon the surface moves in an elliptic or circular orbit, 
whose time of revolution is the same as the time of one wave length. 


Fig. 191. 


Thus the particles on the crest of a wave are moving forward in the 
direction of the motion of the wave, while those in the trough are mov- 
ing backward. When such waves advance into shallow water, their 
length and speed decrease, but the time of revolution of the parti- 
cles in their orbits remains unaltered, and as a consequence the slopes 
become steeper and the height greater, until finally the front slope be- 
comes vertical and the wave breaks with roar and foam. Below the 
surface the particles revolve also in elliptic orbits, which grow smaller 
in size toward the bottom. The curve formed by the vertical sec- 


tion of the surface of a wave at right angles to its length is of a cycloidal 
nature. 


The force exerted by ocean waves when breaking against sea 
walls is very great, as already mentioned in Art. 155, and often proves 
destructive. If walls can be built so that the waves are reflected with- 
out breaking, as is sometimes possible in deep water, their action is 
rendered less injurious. Upon the ocean waves move in the same di- 
rection as the wind, but along shore it is observed that they generally 
move normally toward it, whatever may be the direction in which the 
wind is blowing. The force of wave action is felt at depths of over 
too feet below the surface, for sand has been brought up from depths 
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of 80 feet and dropped upon the decks of vessels. Shoals also cause 
a marked increase in the height of waves, even when such shoals are 
500 feet or more below the water surface. 


Prob. 191a. Inachannel 6.5 feet wide, and of a depth decreasing 1.5 feet 
per 1000 feet, Bazin generated a wave by suddenly admitting water at the 
upper end. At points where the depths were 2.16, 1.85, 1.46, and 0.80 feet, 
the velocities were observed to be 8.70, 8.67, 7.80, and 6.69 feet per second. 
Do these velocities agree with the theoretic law? 


Prob. 1916. Show that the values of f given in Art. 175 for use in the 
formula F=/v? are to be multiplied by 5.255 when v is in meters per second 
and F in kilograms per square meter. 


Prob. 19ic. Compute the metric horse-power required for a velocity of 
25 kilometers per hour for a boat which has a submerged area of 237 square 
meters. 


Prob. 191d. A ship rolls from starboard to port in 7.5 seconds. If the 
metacentric height m is 2.4 meters, what is the value of the transverse radius 
of gyration of the ship? How much must the radius of gyration be increased 
in order to increase the time of rolling 15 percent ? 
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CHAPTER: 16 
PUMPS AND PUMPING 


Art. 192. GENERAL NOTES AND PRINCIPLES 


Among the simple devices for raising water that have been 
used for many centuries, and which may be called lift pumps 
in a general way, are the sweep and windlass, buckets attached 
to a revolving wheel, the chain and bucket pump where the 
buckets move in a cylinder, and the Archimedian screw. The 
chain and bucket pump was probably first used by the Chinese 
in the form of an inclined trough in which moved the buckets 
attached to the endless chain, and this device in various forms 
has been used in all countries for lifting water from wells. The 
Archimedian screw, invented by the great engineer Archimedes 
when he was in Egypt, about 240 B.c., consists of a tube wound 
spirally around an inclined cylinder. When the lower end is 
placed under water and the cylinder revolved, the water is lifted 
and flows out of the upper end of the tube. This screw pump 
is still in use in northern Egypt, and it is said to be a satisfactory 
apparatus for a low lift. 


The fact that water would sometimes rise into a space from 
which the air had been removed was known at a remote antiquity, 
and this was frequently explained by the statement that “nature 
abhors a vacuum.” It was not until the middle of the seventeenth 
century that the true reason of this phenomenon was explained 
through the researches of Torricelli and Pascal (Art. 4), but 
prior to this time a rude form of suction pump, made by attach- 
ing a pipe to a bellows at the opening where the air usually enters, 
was used in both France and Germany. In 1732 the first true 
suction and lift pump was devised by Boulogne, and a little later 
the suction and force pump came into use. 


General Notes and Principles. Art. 192 FOS 


The force pump is a device for raising water by means of 
pressure exerted on it by a piston. The syringe, which has been 
known from very early times, is an example of this principle, 
but the first true force pump was invented in Egypt about 120 
B.c., by Ctesibius, a Greek hydraulician, and the description of 
it given by Vitruvius indicates that it was used to some extent 
by the Romans. The early force pumps were placed with their 
cylinders below the level of the water to be lifted, and had valves 
which closed under the back pressure of the water. By placing 
the cylinders above the water level and utilizing the principle of 
suction, the suction and force pump originated. 


All devices for raising water may be classified under the three 
principles above mentioned: that of lifting in buckets, drawing 
it up by suction, or forcing it up by pressure, or under combina- 
tions of these. The lift or bucket principle is mainly employed 
for small quantities of water and has only a limited use in en- 
gineering practice. The suction principle, combined with lift 
or pressure, is extensively used, but in no event can the height 
of the suction exceed 34 feet, for it is the atmospheric pressure that 
-causes the water to rise when the air above it is exhausted ; under 
this principle also may be put injector pumps which operate under 
the action of negative pressure-head (Art. 31). The principle of 
direct pressure governs not only the force pump, but rotary and 
centrifugal pumps and also the devices for raising water by com- 
pressed air. 

Whenever water is raised from a lower to a higher level, an 
amount of work must be expended greater than the theoretic 
work required to lift the given weight of water through the given 
height. The excess, called the lost work, is spent In overcoming 
resistances of friction and inertia. In designing pumps It 1s the 
object to reduce these losses to a minimum, sO that the greatest 
economy in operation may result. The subject will here be 
mainly considered from a hydraulic standpoint, the object being 
to set forth the fundamental principles by which hydraulic losses 
may be avoided as far as possible. 

Let W be the weight of water raised per second and h the 
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height of the lift, then the useful work per second kis Wh. Let 
the total work expended per second be called K, then the efficiency 
of the apparatus ise = k/K. The work K to be considered here 
is that delivered to the pump and does not include that lost in 
transmission from the motor, since this, of course, is not fairly 
chargeable against the pump or lifting apparatus. If K be re- 
placed by W(k + h’), where #’ is the head lost in overcoming the 
frictional resistances, then the efficiency may be written 


k h 
== 192 
RT ay ee 


which is less than unity, since #’ cannot be made zero. 


The power required to operate a pump to raise the weight W 
of water per second through the height / is easily computed if 
the efficiency of the pump is known. For example, to raise 150 
gallons per second through a height of 20 feet with a pump having 
an efficiency of 62 percent, the work which must be imparted to 
the pump per second is 


K =k/e=(150 X 8.335 X 20) /0.62 = 40 340 foot-pounds, 
and this, divided by 550, gives 73.3 horse-powers. 


Prob. 192. A pump raises 20.5 cubic feet of water per second through 
a height of 127.5 feet. The lost head in the pump and pipes amounts to 
13.5 feet. Compute the efficiency of the pumping plant and the power re- 
quired to operate it. 


Art. 193. RAISING WATER BY SUCTION 


The term “suction” is a misleading one unless it be clearly 
kept in mind that water will not rise in a vacuum tube unless 
the atmospheric pressure can act underneath it. For example, 
no amount of rarefaction above the surface of the water in a 
glass bottle will cause that water to rise. When the tube is 
inserted into a river or pond, however, the water will rise in it 
when a partial vacuum is formed, since the atmospheric pressure 
which is transmitted through the water pushes it up until equilib- 
rium is secured (Art. 4). The mean atmospheric pressure of 14.7 
pounds per square inch at the sea level is equivalent to a height 
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of water of 34 feet, and this is the limit of raising water by suc- 
tion alone. In practice this height cannot be reached on account 
of the impossibility of producing a perfect vacuum, and it is found 
that about 28 feet is the maximum height of suction lift. 


The height of the water barometer varies with the state of 
the weather, with the elevation above sea level, and with the 
temperature. The value of 34 feet is that corresponding to a 
reading of 30 inches on the mercury barometer at a temperature 
of 32° Fahrenheit. For higher temperatures more or less vapor 
is evaporated from the water surface and fills the suction tube, 
so that a complete vacuum cannot be formed. When the mercury 
barometer reads 30 inches, the water barometer is only 33.4 feet 
if the temperature of the water is 60° Fahrenheit, 32.4 feet at 
90°, about 30 feet for 120°, about 23 feet for 160°, about 6 feet 
for 200°, and for 212° its height is zero, since the tube is then 
filled with steam. Hence water at the boiling-point cannot be 
raised by suction. 


Fig. 193 gives two diagrams illustrating the principle of action 
of the common suction and lift pump. It consists of two verti- 
cal tubes BD and BE, the 
former being called the suc- 
tion pipe and the latter the 
pump cylinder. The piston 
A in the pump cylinder has 
a valve opening upward, and 
the valve B at the top of the 
suction pipe also opens up- 
ward, In the left-hand dia- 
gram the piston is descending, 
the valve A being open and 
B being closed under the pres- 
sure of the air in the space 
between them. In the right- 


hand diagram the piston is 
ascending, the valve A being closed by the pressure of the air or 


water above it, while B is open, owing to the excess of atmos- 
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pheric pressure in BD above that in AB. In the first diagram 
the piston has made only one or two strokes, so that the water 
has risen but a short distance in the suction pipe. In the 
second diagram the piston has made a sufficient number of 
strokes so that the pump cylinder is full of water which is flowing 
out at the spout £. 


Let #, be the distance from the water level D to the lowest 
position of the piston; this is called the height of lift by suction 
Let fy be the height from the lowest position of the piston to the 
spout where the water flows out; this is called the height of lift 
by the piston. The distance 4; + /y is the vertical height through 
which the water is raised, and if W be the weight of water raised 
in one second, the useful work per second is W(/y + Me). The 
energy imparted to the pump through the piston rod is always 
greater than this useful work, since energy is required to overcome 
the frictional resistances due to the motion of the water and pis- 
ton, as also to overcome the resistance of inertia in putting them 
into motion. 


To discuss the action of the pump in detail, let / be the stroke 
of the piston, that is, the distance between its highest and lowest 
positions. Let A be the area of the cross-section of the pump 
cylinder and a that of the suction pipe. Let the piston be sup- 
posed to be at its lowest position at the beginning of the operation 
when no water has been raised in the suction pipe above the level 
D in Fig. 193. On raising the piston through the stroke J it 
describes the volume Al, and the volume of air ai, now has the 
volume Al + a(/, — x) in which x is the height through which 
the water rises during the upward stroke. Let h, be the height 
of a water barometer corresponding to the air pressure above the 
water level at the beginning of the stroke, then , — y is the pres- 
sure-head at the end of the stroke. Since, by Mariotte’s law, 
the pressure of a given quantity of air is inversely as its volume, 
(ha — x)/ha equals am/(Al + ah, — ax), whence, 

x —(rl thy t+ha)«x+rlhy = 0 
in which 7 represents the ratio A/a. For example, let A be 
8 and a be 2 square inches, or 7 = 4, let k; be 20 and / be Tice. 
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then for h, = 34 feet, the water rises during the first upward 
stroke to the height x = 3.6 feet. For the second upward stroke 
ha iS 34.0 — 3.6 = 30.4 feet and fk is 20.0 — 3.6 = 16.4 feet; 
then the formula gives x = 3.7 feet, so that the water level now 
stands 7.3 feet above its original level D. Proceeding in like 
manner, it is found that at the end of the third upward stroke 
the water stands at 11.2 feet above its original level. Similarly at 
the end of the fourth upward stroke it is found to be 15.3 feet 
above D, while at the end of the fifth upward stroke it has reached 
a height of 19.8 feet above its original level. During the progress 
of the sixth upward stroke the water enters the pump cylinder, 
during the next downward stroke it flows through the piston 
valve, and in the seventh upward stroke the water above the 
piston is lifted and flows out through the spout. 

The preceding discussion supposes that there is no leakage of 
air through and around the piston, but this cannot be attained in 
practice ; hence the degree of rarefaction below the piston is never so 
great as the above formula gives, and the number of strokes required 
to elevate the water above the valve B is larger than the computed 
number. When the suction height is greater than 25 feet, it becomes 
difficult to secure sufficient rarefaction to lift the water, and hence a 
foot valve, also opening upward, is placed in the suction pipe below 
the water level D. The pump cylinder and suction pipe can then be 
primed, or filled with water from above, and after this is done there 
will be no difficulty in operating the pump. If there is no foot valve, 
it will be necessary to have a very long piston stroke in order to start 
the pump, but with a foot valve the stroke of the piston may be 
any convenient length. 

The action of this pump is intermittent, and water flows from the 
spout only during the upward stroke of the piston. When there are 
N upward strokes per minute, the discharge in one minute is NAl, 
if the piston and its valve be tight. The useful work per minute is 
NwAl(iy +h), if w be the weight of a cubic unit of water. When / 
and h,+’, are in feet, A in square feet, and w in pounds per cubic foot, 
the horse-power expended in this useful work is 

HP = NwAl(hy+ Ie) /33 000 
and to this must be added the horse-power required to overcome 
the resistances of friction and inertia. This additional power often 
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amounts to asmuch as that needed for the useful work, and in this case 
the efficiency of the pump is 50 percent. Suction and lift pumps 
are of numerous styles and sizes, the simplest being of square wooden 
tubes or of round tin-plate tubes with leather valves, and these can 
be readily made by a carpenter or tinsmith. They are mainly used 
for small quantities of water and for temporary purposes. 

Prob. 193. The diameter of the pump cylinder is 8 inches and that of the 
suction pipe is 6 inches, while the vertical distance from the water level to the 
spout is 23 feet. If the pump piston makes 30 upward strokes per minute, 
each 9 inches long, what horse-power is required to operate the pump if its 
efficiency is 45 percent ? 


Art. 194. THe Force Pump 


A force pump is one that has a solid piston which can trans- 
mit to the water the pressure exerted by the piston rod and thus 
cause it toriseina pipe. The early force pumps had little or no 
suction lift, as the pump cylinder was immersed in the body of 
water which furnished the sup- 
ply, but the modern forms 
usually operate both by suction 
and pressure, the former occur- 
ring in a suction pipe and the 
latter in the pump cylinder. 
Fig.194a shows the principle of 
action of the common vertical 
single-acting suction and force. 
pump in which there is no water 
above the piston. In the left- 
hand diagram the piston is as- 
cending, and the water is rising 
in the suction pipe BD under 
the upward atmospheric pres- 
sure; this ascent of the water 
occurs in exactly the same manner as explained in Art. 193, and 
after several strokes its level rises above the suction valve B. 
The right-hand diagram shows the piston descending and forcing 
the water up the discharge pipe CE, At C, where this pipe 
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joins the pump cylinder, is a check valve which closes on the 
upward stroke and thus prevents the water in CE from returning 
into the pump cylinder, while it opens on the downward stroke 
under the upward pressure of the water. 


Let A be the area of the cross-section of the pump cylinder 
and / the length of the stroke of the piston. Then at each upward 
stroke a volume of water equal to Al is raised through the suction 
pipe, and in each downward stroke the same volume is raised in 
the discharge pipe. If # be the total lift above the water level 
D and w the weight of a cubic unit of water, the work done in each 
double stroke is wAlh. If there be made N double strokes per 
minute, the useful work per minute is NwAlh. When all dimen- 
sions are in feet, the horse-power required to do this useful work 
is found by dividing this quantity by 33 000, and the actual 
horse-power required to run the pump is greater than this by the 
amount needed to overcome the frictional resistances. This 
additional power will depend upon the length of the suction and 
discharge pipes, the speed at which the pump is operated, the 
friction along the sides of the piston, the losses of head in the 
| passage of the water through the valve openings, and the losses 
of energy due to putting the water into motion at each stroke. 
The efficiency of single-acting suction and lift pumps hence varies 
between wide limits, go percent or more being obtained only for 
very low speeds and lifts, while for high speeds and lifts it may 
be 20 percent or less. 


Fig. 1940. Fig. 194c. 


The cylinder of the single-acting pump may be placed hori- 
zontal, as seen in Fig. 194, where BD is the suction pipe and 


512 Chap. 16. Pumps and Pumping 


CE the discharge pipe. When the piston moves toward the left, 
the suction valve B opens and the check valve C closes; when it 
moves toward the right, B closes and C opens. The discharge 
is intermittent, as in the previous case, but the horizontal position 
of the piston sometimes renders the connection of the piston rod 
to the motor more convenient. If the height of the suction lift be 
equal to that of the discharge lift, the force required to move the 
piston will be the same in each stroke and the pump will work 
with less shock than where the two lifts are unequal. Usually, 
however, the height of the discharge lift is greater than that of 
the suction lift, and the force required to move the piston is then 
the greatest when it moves from left to right in Fig. 1940. In 
order to equalize the forces exerted by the motor the duplex pump 
was devised; this consists of two single-acting cylinders placed 
side by side and connected to the same suction and discharge 
pipe, the pistons moving so that one exerts suction while the 
other is forcing the water upward. ‘Three single-acting cylinders 
are also sometimes connected with the same suction and dis- 
charge pipe, in which case it is called the triplex pump. Duplex 
and triplex pumps give a more nearly continuous flow of water 
in both the suction and discharge pipes, and thus diminish the 
shocks that occur in a pump with one cylinder, while the efficiency 
is materially increased because the losses due to starting and 
stopping the columns of water are in large part avoided. 


A double-acting pump is one having a single cylinder in which 
a solid piston or plunger exerts suction and pressure in both 
strokes and thus gives a nearly continuous flow through suction 
and discharge pipes. Fig. 194d shows the form known as the 
piston pump, while Fig. 194e is that called the plunger pump, 
the piston being replaced by a long cylinder moving in a short 
stuffing box AA. In both figures D is the suction pipe and 
the discharge pipe. When the piston moves from left to right, 
the valves B; and C, open, while By and C, close; when it moves 
in the opposite direction, B, and C, open, while B; and C, close. 
The plunger pump was invented in the seventeenth century, and 
its advantages over the piston type are so great that it is now 
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extensively used for large pumping machinery. The cylinder of 
the piston pump must be bored to an exact and uniform size, and 
its piston must be carefully packed, while in the plunger pan 

only the short length of the stuffing box is bored and packed, at 


| 


Fig. 194d. Fighiods, 


plunger itself having no packing. The water lifted in one stroke 
of either pump is A/, where A is the area of the piston and / the 
length of its stroke, provided there is no leakage past the packing. 


For all these forms of pumps a foot valve should be placed in the 
suction pipe, if the suction lift exceeds 20 feet, in order that the pump 
may be readily primed (Art. 193). To reduce the shocks that occur 
to a certain extent even in the double-acting pumps, an air chamber 
is frequently attached to the discharge pipe so that the confined air 
may distribute and lessen the shock that would otherwise be concen- 
trated on the end of the discharge pipe. Fig. 194c shows such an air 
chamber attached to a single-acting pump; in the upper part of it 
is seen the compressed air which is receiving the pressure from the 
piston. After the check valve C closes the pressure of this air main- 
tains the flow up the discharge pipe /, and hence the air chamber 
helps to avoid the losses due to intermittent flow. A duplex pump 
or a double-acting pump, when provided with an air chamber of proper 
size, will work very smoothly. 

Prob. 194. Consult Ewbanks’ Hydraulics and Mechanics (New York, 
1847), and describe a method of raising water through a low lift by means of 
a frictionless plunger pump. Ewbank notes that a stout young man weigh- 
ing 134 pounds raised 83 cubic feet per minute with this machine to a height 
of r14 feet, and worked at this rate nine hours per day. If the efficiency of 
this pump was unity, what horse-power did the stout young man exert? Was 


his performance high or low? 
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Arr. 195. Losses IN THE Force Pump 


A reliable numerical computation of the hydraulic losses 
of energy in the force pump cannot be made without knowing . 
the constants to use in finding the losses of head due to the 
valves (Art. 92), and these have been experimentally determined 
for only a few special forms. The valves shown in most of the 
figures of the preceding articles are simple flap valves, but poppet 
valves are more generally used, and Fig. 194e indicates such. In 
passing through a valve the water loses energy in friction, and also 
in impact due to the subsequent expansion. Since pumps are 
made in numerous forms having different details, general discus- 
sions of losses are difficult to make. The attempt will, however, 
be undertaken for the plunger force pump of Fig.194e. Let h 
be the total height through which the water is lifted by both 
suction and pressure, and h’ be the sum of all the hydraulic losses 
of head. Let K be the energy delivered per second to the piston 
rod, k’ the energy expended in friction in the stuffing boxes of the 
piston rod and plunger, g the discharge per second, and w the 
weight of a cubic unit of water. Then 


K=k'+ wo oe ee = i!) 
28 


and the pump should be so arranged as to make the losses k’ and 
h’ as small as possible. Only the hydraulic losses will be con- 
sidered in the following discussion. 


By means of the principles of Chap. 7 a rough formulation 
of the elements that make up the lost head h’ can be effected, 
supposing the flow in the pipes to be steady. Let J, be the length, 
d, the diameter, and v7; the velocity for the suction pipe, and dp, 
d,, and v, the same things for the discharge pipes. Let 2” be 
the number of valves in the suction and discharge chambers 
(Fig. 194e), all being taken of the same size, and let V denote 
the velocity of the water through each valve opening. Let these 
chambers be so large that the velocity of the water through them 
is very small compared to that in the pipes and valve openings. 


Then i 2 V2 5 
Mf =(m-+f2 +1) + o(m! +1) 4p, 2 
i 8 2(m’ +1) Fe + fo ae (195) 
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gives all the hydraulic losses of head. In the first parenthesis 
m indicates the loss due to entrance at the foot of the suction pipe 
(Art. 89), fl/d: the friction loss in the suction pipe (Art. 90), 
and 1 the loss due to expansion (Art. 76) as the water enters the 
suction chamber B,B:. In the second parenthesis m’ indicates 
the loss due to the open valves (Art. 92) and r that due to sudden 
expansion as the water enters the pump cylinder through the 
suction valves and the discharge chamber CC; through the dis- 
charge valves. The last term gives the loss due to friction in the 
discharge pipe. If there is an air chamber on the discharge pipe, 
another term might be introduced, but as the effect of the air 
chamber in reducing water hammer is a beneficial one, this term 
need not be used. The starting and stopping of the piston brings 
in other losses of energy, but as these are not hydraulic losses 
they will not be considered here. 


When the pipes are long, the losses due to pipe friction will 
far exceed those in the pump, and are not fairly chargeable against 
it as a machine; hence in order to consider the pump alone 
the lengths /; and /; may be made equal to zero, as also m in the 
first parenthesis. Then formula (195) becomes 


2 
h'= ae 2(m! + ae 
2g 2g 


in which the first term of the second member gives the loss of 
head in entering the suction chamber, and the second those oc- 
curring in entering and leaving the pump cylinder. This equa- 
tion appears, at first thought, to indicate that a suction chamber 
is not a hydraulic advantage, although it is known to afford a 
practical advantage in causing the valves to operate successfully, 
as also in permitting ready access to them. If a be the area of 
each valve opening, and a that of the suction pipe, then a2; must 
equal 3naV, since the same quantity of water passes per second 
through the suction pipe and through 3” valves. Accordingly the 
total loss of head in the pump may be written 


! ue , (2)e 
Le 2g +8(m' +1) na/ 2g 
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which clearly shows that this loss decreases as the number of 
valves increases, when a is kept constant. Therefore the suction 
and discharge chambers may be made to give a hydraulic advan- 
tage, either by using many valves of a given size or by making 
the total valve area na sufficiently large, since h’ is thus diminished. 
The number of valves will usually be 8, 12, or 16. 


As a numerical example, take a plunger force punip, like Fig. 
194e, having a piston area A = 0.84 square feet, and a stroke of 1.25 
feet, the number of single strokes per minute being 30. The volume » 
of water lifted per second is hence 30 X 0.82 X 1.25/60 = 0.525 cubic 
feet. Let the diameter of the suction pipe be to inches and the area ~ 
of its cross-section a@,= 0.545 square feet. The mean velocity in the 
suction pipe is then 0.525/0.545 = 0.96 feet per second. Let there be 
12 valves in the suction chamber, so that m = 6, and let the area of 
each valve opening be a = 8 square inches = 0.0556 square feet. 
The velocity through each of the open valves is then V = 0.525/3 
X 0.0556 = 3.15, feet per second. As Art. 92 does not give the values 
of m’ for poppet valves, it may be here noted that the experiments 
of Bach* indicate that they range from 1.1 to 2.8, depending upon the 
height of valve lift and the width of the seat. Taking 2 as a mean 
value of m’, the lost head in the pump is 


Pia 0-545 oe 
= 0.01555 TOs ie y, ar Joss = 0.06 feet. 
The useful head /, when the lengths of the suction and discharge pipes 
are disregarded, is probably about 3 feet, so that the hydraulic effi- 
ciency is e = h/(h+h')=0.75. If the lengths of the vertical suction 
and discharge pipes be each 20 feet and their diameters be 10 inches, 
the useful head h is about 43 feet and from (195) the value of h’ is 
found to be about one foot, so that the hydraulic efficiency is about 
0.97. The velocity-head 2,°/2¢ which is lost at the top of the discharge 


pipe is here only o.or feet, so that it is unnecessary to consider it in 
determining the efficiency. 


This discussion shows that the losses of head in force pumps 
may be made very slight by running them at low speeds in order that 
the velocity 1; may be small. It shows that the losses decrease as the 
areas of the valve openings and their number are increased. It shows 


* Zeitschrift deutscher Ingenieur Verein, 1886, p. 421. 
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that, for vertical suction and discharge pipes, the efficiency increases 
with the useful lift #, if the velocity in the pipes is the same for 
different lifts. These conclusions are verified by experiments, some 
of which will be noted in the next article. Since the flow through the 
valves and pump cylinder is not quite steady, numerical computations 
like the above cannot, however, be expected to give more than rough 
approximate results ; nevertheless such results are useful in indicating 
the influence of the resistances upon the efficiency. 


Prob. 195. For the above numerical example, compute the horse-power 
required to run the pump when the useful lift is 43 feet, assuming that 3 per- 
cent of that power is expended in overcoming friction in the stuffing boxes. 


Art. 196. Pumpinc ENGINES 


The steam engine was invented and perfected through the 
desire to devise methods of pumping water better than those in 
which the power of men and horses was used. Worcester in 
1633,.and Papin in 1695, used the direct pressure of steam upon 
water in a cylinder, and Savery in 1700 used both such pressure 
and the partial vacuum caused by the condensation of the steam. 
Newcomen in 1705 used a piston, on one side of which steam 
was applied and condensed, the motion of the piston being com- 
municated by a walking beam to the piston rod of apump. Watt, 
about 1775, introduced the crank, the parallel motion, the cut-off, 
the governor, and other improvements; he also brought the 
steam to both sides of the piston, thus making the engine double- 
acting. The first important application of the steam engine 
was in operating pumps-to drain mines, but it soon came into 
use in all branches of industry where power was needed. Its 
influence on modern progress has been great. 


The modern pumping engine consists of one or more steam 
cylinders connected to the same number of pump cylinders by 
piston rods, so that the steam pressure is directly transmitted 
through them to the water. It is important that the pressure 
in the water cylinder should be maintained nearly constant 
during the length of the stroke, and hence the steam should not be 
used expansively in the usual way; to insure constant steam 
pressure some form of compensator is used. The water cylinders 
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are usually of the plunger type, and these are connected to the 
same suction and discharge pipes, an air chamber being placed 
on the latter to relieve the pump chambers of shock and to in- 
sure steady flow. The boilers, steam cylinders, and water cyl- 
inders constitute one machine or apparatus called a pumping 
engine. The efficiency of this apparatus is low, for it is equal to 
the product of the efficiencies of its separate parts. The efficiency 
of the furnace and boiler is about 75 percent in the best designs, 
the efficiency of the steam cylinders about 30 percent, and that 
of the water cylinders about 80 percent, so that the efficiency of 
the pumping engine as a whole is only 18 percent. This means 
that only 18 percent of the energy of the fuel is utilized in lifting 
the water, and this figure is, indeed, a high one, for many pump- 
ing plants are operated with an efficiency of less than 10 percent. 


The term ‘‘duty” is often employed as a measure of the per- 
formance of a pumping engine, instead of expressing it by an 
efficiency percentage. This term was devised by Watt, who 
defined duty as the number of foot-pounds of useful work pro- 
duced by the consumption of too pounds of coal. On account 
of the variable quality of coal a more precise definition of duty 
was introduced in 1890 by a committee of the American Society of 
Mechanical Engineers, namely, that duty should be the number 
of foot-pounds of work produced by the expenditure of 1 000 000 
British thermal heat units. One British thermal heat unit is 
that amount of energy which will raise one pound of pure water one 
Fahrenheit degree in temperature when the water is at or near 
the temperature of maximum density (Art. 3); this amount of 
energy is 778 foot-pounds, and this constant is called the me- 
chanical equivalent of heat. The duty of a perfect pumping 
engine, in which no losses of any kind occur, would be 778 000 000 
foot-pounds. The highest duty obtained in a test is about 
180 000 coo foot-pounds, and the efficiency of such an engine is 
180/778 = 0.23.* Common pumping engines have duties ranging 
from 120000000 to 60000000, the corresponding efficiencies 
being from 15 to 7.5 percent. The modern definition of duty 


* Transactions American Society of Civil Engineers, vol. 73, 1911. 
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agrees with that of Watt, if the coal used be of such quality that 
one pound of it possesses a potential energy of 10000 British 
heat units, which is somewhat less than that obtainable from 
average coal. The higher the duty of a pumping engine. the 
greater is the amount of work that can be performed by burning 
a given quantity of coal. A high-duty engine is hence econom- 
ical and a low-duty engine is wasteful in coal consumption, but 
the first cost of the former is much greater than that of the latter. 


A duty test of a pumping engine consists in determining the 
number of heat units furnished by a given quantity of coal, the 
quantity of water lifted by the pump, the leakage past the piston 
packing, the pressure-heads in the suction and discharge pipes, 
the indicated horse-power of the steam cylinders, and many other 
minor quantities needed for estimating the efficiency of the boiler 
and steam part of the apparatus. The usual method of deter- 
mining the discharge is by the displacement of the piston or 
plunger; if A be the area of its cross-section, / the length of the 
stroke, N the number of single strokes during the test, and T 
the number of seconds during which the test lasted, then NV Al is 
the total quantity of water lifted, and 


g=cNAL/T 


is the quantity lifted per second, c being a coefficient which takes 
account of the leakage or slip past the plunger. The value of ¢ 
is to be found by removing one of the cylinder heads and admit- 
ting water on the other side of the plunger, and its value is usually 
from 0.99 to 0.95 in new pumps, The total pressure-head H Is 


found from H= (he a +d) 

where fi, and /y are the pressure-heads corresponding to the mean 
readings of the gages on the suction and discharge pipes and d 
the vertical distance between the centers of the gages; here the 


plus sign is to be used when the corresponding pressure is below 
and the minus sign when it is above that of the atmosphere. 


The total work done by the pump during the trialis then cVAl- H 
and then the duty of the pumping engine 
Duty = 1 000 000 cVA/H/heat units, 
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+n which the denominator is determined by the thermodynamic 
tests made on the boiler and steam engine. The capacity of the 
pump, or the quantity of water lifted in 24 hours, is 24 X 3600 X q. 


The efficiency of pump cylinders, which are tested in the above 
manner, is usually found by dividing the work wa done by them 
in one second by that done by the steam as determined by 
indicator cards taken from the steam cylinders. This method 
differs from that used in the previous articles, and gives results 
too small from the standpoint of hydraulic losses. A discussion 
by Webber * of several tests shows that this efficiency increases 
with the lift as follows: . 


Lift in feet, 5 Tio SON MOON 7ONn2 70 

Efficiency, 0.30 0.45 0.65 0.85 o.91 0.88 
The highest value of 91 percent was obtained from a test of a 
Leavitt pumping engine having a duty of 111 549 coo foot- 
pounds, and a capacity of 4400000 gallons per 24 hours; the 
duration of this test was 15.1 hours. 

Prob. 196. In a test lasting 12 hours, 27 502 000 heat units were pro- 
duced under the boiler. The area of the plunger was 172 square inches, the 
length of the stroke was 18.9 inches, the number of single strokes was 76 000, 
and the leakage past the plunger packing was 5900 cubic feet. The pressure 
gage on the force pipe read roo and the vacuum gage on the suction pipe 
read 9.3 pounds per square inch, the distance between the centers of these 
gages being 8 feet. The mean indicated horse-power of the steam cylinders 
was 128. Compute the discharge of the pump in cubic feet per second and 
its capacity in gallons per day. Compute the total pressure-head H. Com- 


pute the duty of the pumping engine. Compute the efficiency of the pump 
cylinders. 


Art. 197. Tue CENTRIFUGAL Pump 


The centrifugal pump is the reverse of a turbine wheel, and 
any reaction turbine, when run backwards by power applied to 
its axle, will raise water through its penstock. The centrifugal 
pump, like the turbine, is of modern origin and development. 
A rude form, devised by Ledemour in 1730, consisted of an 
inclined tube attached by arms to a vertical shaft; the lower 


* Transactions American Society Mechanical Engineers, 1886, vol. 7, p. 602. 
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end of the tube being immersed, the water flowed from its upper 
end when the shaft was rotated. It was not, however, until 
about 1840 that the first true centrifugal pumps came into use, 
and they have since been perfected so as to be of great value in 
engineering operations, especially for low lifts. 


Fig. 197 shows the principle of the arrangement and action of 
the centrifugal pump. The power is applied through the 
axis A to rotate 
the wheel BB in 
the direction in- 
dicated by the ar- 
row. This wheel 
is formed of a 
number of curved — 
vanes like those 
in a turbine wheel 
(Art. 174). The 
revolving vanes 
produce a partial 
vacuum, and this causes the water to rise in the suction pipe DD 
which enters through the center of the wheel case and delivers 
the water at the axis of the wheel. The water is then forced 
outward through the vanes and passes into the volute cham- 
ber CC, which is of varying cross-section in order to accom- 
modate the increasing quantity of water that is delivered 
into it, and all of which passes up the discharge pipe £. The 
rotation of the wheel hence produces a negative pressure at the 
upper end of the suction pipe and a positive pressure in the 
volute chamber, and the water rises in the pipes in the same 
manner as in those of a suction and force pump. The height of 
the suction lift cannot usually exceed about 28 feet. 


The parallelograms of velocity shown in Fig. 197 are the 
same as in the reaction turbine (Art. 174), and a similar notation 
will be used. The velocities of rotation of the inner and outer 
erences will be called w and m, the absolute velocities of 


circumf: 
aves the wheel are v9 and 2, and the 


the water as it enters and le 
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corresponding relative velocities are V and Vy. ‘The anglesiof 
entrance, approach, and exit are called , @, and 8, while 6 denotes 
the angle between 2 and u.. Let Hy be the pressure-head at the 
top of the entrance pipe and Hj that at the foot of the discharge 
pipe, while 49 and / are the heights of the suction and force lifts 
estimated downward and upward from the center of the wheel, 
and let i, be the height of the water barometer. Then from 


formula (162) Vay ea eae Ty SATO) 
and also from (31), not considering frictional resistances, 


vy ; 
Hi=hath-+ Hehe ho = 
2§ 


Combining these equations, and replacing f; + ko by h, where 
h is the total lift, the fundamental equation for the discussion of 
frictionless centrifugal pumps results. To introduce the fric- 
tional losses, however, # + h’ should be used instead of /, where 
h’ is the total head lost in all the hydraulic resistances. Then 


V2—V2—wt uw? + v2 — v0? = 2¢(h hh’) (197); 
is the fundamental formula for the discussion of the centrifugal 
pump. Since there are no guides, the water enters the vanes 
radially, so that the approach angle @ is a right angle, and hence 
V?=u?+ 0%. Also the parallelogram of velocities at exit gives 


Vi? = uy + vy — 2u,v,cos@. Inserting these values of V2 and 
Vin (197), it reduces to 


uv, cos8 = g(h+h’) 


which is a necessary relation connecting #, and 2. 


A centrifugal pump must be run at a certain velocity in order 
to overcome the pressure-head / + h’ by means of the velocity- 
head 2,°/2g of the issuing water. Hence h + h’ = 0,2/2g, and 
equating this to the value of 4 + h’ established by the above 
formula, there results # cos @ = 42;. It hence follows from the 
parallelogram of velocities that V; and #, must be equal. Then 
6 = 90° — 38, and 

V7 ao V2 g(ht+h’) 


{-— 5 or 
2sin 38 2sin38 


(197). 
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gives the required velocity of the outer circumference of the wheel. 
This velocity decreases as the exit angle 8 increases; when 8 is 
very small, m is very large; when the vanes are radial at the outer 
circumference, @ is go° and m = -Vg(h + i’). Hence the speed 
of the pump must increase with the square root of the pressure- 
head 4 +h’. Since 2 = g/a,, where a; is the area of the exit 
orifices normal to 2, the velocity is also , = q/2a, sin 48, and 
therefore the discharge g increases directly with the speed. 


Since the speed must increase with the lift, and since the losses 
of head increase with the speed, it follows that the efficiency of 
the centrifugal pump in general decreases with the lift. This 
theoretic conclusion has been verified by practical tests. Webber, 
in his discussion cited in the last article, gives the following as 
the mean results derived from a number of experiments, the 
eff.ciency computed being the ratio of the work done by the pump 
to that obtained from indicator cards taken on the cylinders of 
the steam motor: 

Lift in feet, 5 Io 20 40 60 
Efficiency, 0.56 0.64 0.68 0.58 0.40 
For a low lift the centrifugal pump has a hydraulic efficiency 
higher than these figures indicate, but, as in the case of the force 
pump, it is difficult to determine reliable values by numerical 
computations. 


The centrifugal pump possesses an advantage over the force pump 
in having no valves and in being able to handle muddy water, for even 
gravel may pass through .the vanes without injuring them. The 
above figure represents the principle rather than the actual details 
of construction. Usually the suction pipe is divided into two parts 
which enter the axis upon opposite sides of the wheel, and the volute 
chamber is often made wider than the wheel case, thus forming what | 
is called a whirlpool chamber, which prevents some of the losses of 
head due to impact. The vanes are sometimes curved in the oppo- 
site direction to that shown in the figure, as by so doing the angle 8 
is made larger and the speed of the pump is lessened, as is seen from 
formula (197)2. The theory of the centrifugal pump is, however, 
much less definite than that of the reaction turbine, and experiment 
is the best guide to determine the advantageous shape of the vanes. 
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Multiple stage centrifugal pumps for work against high heads 
are extensively used.*{ 


Prob. 197. A centrifugal pump lifts 120 cubic feet of water per minute 
through a discharge pipe having a diameter of 1 foot. The outer diameter 
of the wheel is 2 feet, the exit angle is go°, the number of revolutions per sec- 
ond is 60, and the water is lifted 18 feet. Compute the horse-power of the 

pump, and its hydraulic efficiency. 


Art. 198. THe Hyprautic RAM 


The hydraulic ram is an apparatus which employs the dynamic 
pressure produced by stopping a column of moving water to raise 
a part of this water to a higher level than that of its source. The 
principle of its action was recognized by Whitehurst in 1772, 
but the credit of perfecting the machine is due to Montgolfier, 
who in 1796 built the first self-acting ram. It has since been 
widely used for pumping small quantities of water from streams 
to houses, but is not so well adapted to lifting a large quantity ; 
many attempts have been made in this direction, some of which 
give promise of much usefulness. 


The principle of the action of the hydraulic ram is shown in 
Fig. 198, where A is the reservoir that furnishes the supply, BCD 


= 


feennnnne dot anaa 


Fig. 198. 


the ram, AB the drive pipe which carries the water to the ram, 
DE the discharge pipe through which a part of the water is 
raised to the tank E. The ram itself consists merely of the waste 
valve B through which a part of the water from the drive pipe 


* Journa] American Society of Mechanical Engineers, Jan. and March, roto. 
{ Journal Western Society of Engineers, April, 1910. 
t Transactions Royal Society, 1775, vol. 65, p. 277. 
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escapes, and the air vessel D which has a valve C that allows 
water to enter it through BC, but prevents its return, -The waste 
valve B is either weighted or arranged with a spring so that it 
will open when acted upon by the static pressure due to the head 
H. As soon as it opens the water flows through it, but as the 
velocity increases the dynamic pressure due to the motion of 
the column AB (Art. 157) becomes sufficiently great to close the 
valve B. Then this dynamic pressure opens the valve C and 
compresses the air in the air chamber or forces water up the dis- 
charge pipe. A moment later when equilibrium has obtained in 
the air vessel, the valve C closes and the air pressure maintains 
the flow for a short period in the discharge pipe, while the water 
in the drive pipe comes to rest. Then the waste valve B opens 
again, and the same operations are repeated. 

The algebraic discussion of the hydraulic ram is very difficult 
because it involves the time in which the waste valve closes and 
the law of its rate of closing. The investigation in Art. 157, 
however, clearly shows that the operations above described will 
take place if the drive pipe is long enough to produce a dynamic 
pressure sufficient to close the waste valve. Let / be the length 
of that pipe, v the velocity in it, po the static unit pressure due 
to H, w the weight of a cubit unit of water, g the acceleration 
of gravity, and ¢ the time in which the valve closes. Then, since 
there is no static pressure at the valve during the flow, the for- 


mula (157), gives p = 2wlv/gt— po 
which is a good approximation to the excess of dynamic pressure 


over the static pressure fo. It is seen that this excess p may be 
rendered very great by making / large and ¢ small, and that its 


greatest value is p = wua/g — po 


in which u is the velocity of sound in water. It is rare, however, 
that a drive pipe is sufficiently long to furnish the excess dynamic 
pressure given by the last formula. 

The efficiency of the hydraulic ram is the ratio of the useful 
work done to the energy expended in the waste water. Let ¢ 
be the quantity of water lifted per second through the height / 
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from the level of the reservoir A to that of the tank EF. Let Q 
be the discharge per second through the waste valve and H the 
height through which it falls, then the efficiency of the ram and 


its pipes 1S ae woh _ gh 

wOH QH 
It is found by experiment that the efficiency decreases as the ratio ° 
h/H increases. Eytelwein found that e was 0.92 when h/H was 
unity, 0.67 when //H was 5, and 0.23 when //H was 20, but these 
values were probably derived by using a different formula for 
the efficiency. 


Experiments in 1890 at Lehigh University on a Gould ram No. 2, 
in which the waste valve made 55 strokes per minute, gave a mean 
efficiency of 35 percent. The length of the supply pipe was 38 feet. 
and its fall 12 feet, the length of the discharge pipe 60 feet, and the lift 
h was 12 feet, so that the ratio h/H was unity. These experiments 
showed also that the efficiency increased as the number of strokes 
per minute was decreased by lessening the weight on the waste valve. 
The maximum quantity of water raised per minute, however, oc- 
curred with a heavier waste valve than that which gave the maximum 
efficiency. The efficiency was also found to increase as the length of 
the stroke of the waste valve decreased. 


The least possible fall in the drive pipe of the hydraulic ram is about 
14 feet and the least length of drive pipe about 1 5feet. It is customary 
to make the area of the discharge pipe from one-third to one-fourth 
that of the drive pipe, and with these proportions a fall of to feet will 
force water to a height of nearly 150 feet. A common rule of manu- 
facturers is that about one-seventh of the water flowing down the drive 
pipe may be raised to a height five times that of the fall in the drive 
pipe; this is a rough rule only, for the length of the discharge pipe 
is one of the controlling factors as well as its vertical rise. 


The Rife hydraulic engine is a water ram on a large scale, two or 
more being connected to the same discharge pipe, so that the flow in 
it is nearly continuous.* Three of these engines are said to raise 
864 000 gallons of water per day to an elevation of 1 50 feet, the fall in 
the drive pipe being 30 feet. The diameter of the drive pipe is 8 inches 
and that of the discharge pipe is 4 inches; the waste valve weighs 


* Engineering News, 1806, vol. 36, Pp. 429, 
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5° pounds, and it is provided with an adjusting lever in order that 
its effective weight may be regulated so as to cause the maximum 
discharge to be delivered. 


_ Prob. 198. A hydraulic ram raises 32} pounds of water in 5 minutes 
through a discharge pipe 60 feet long. The drive pipe is 38 feet long and the 
amount of water wasted in 5 minutes is 413 pounds. The fall of the drive 
pipe is 12 feet and the vertical rise of the discharge pipe above the ram is 
24 feet. Compute the efficiency of the ram. 


Art. 199. OtTser Kinps or Pumps 


The lift and force pumps described in Arts. 193 and 194 are 
called displacement pumps, because the volume of water lifted 
in one stroke is that displaced by the piston or plunger. If there 
be no leakage past the piston packing, and if no air is mingled 
with the water, the discharge in a given time may be very accu- 
rately determined by counting the number of strokes and multt- 
plying this number by the displacement in one stroke. On 
account of the reciprocating motion of the piston these forms 
are often called reciprocating pumps. There is always a loss of 
energy due to putting the piston into motion at the beginning of 
each stroke, and to avoid this many forms of rotary pumps have 
been devised; yet notwithstanding this loss the plunger force 
pump is probably the most efficient and economical of all kinds. 


A rotary or impeller pump is one in which the moving parts 
have a circular motion only, and the centrifugal pump described 
in Art. 197 is of this kind. Numerous other rotary pumps have 
been invented, but none is widely used except the centrifugal one. 
Fig. 199a shows one where the moving parts consist of two wheels 
which are rotated in opposite directions as indicated by the 
this motion produces a partial vacuum whereby the 


Arrows ; 
and is then carried between the 


water rises in the suction pipe D, 
teeth and the case and forced up the discharge pipe £. Fig. 1990 
shows a form where the moving parts are two lobes in contact 
with each other and each in contact with the inclosing case. In 
the left-hand diagram the water rising in the pipe D is flowing 
toward the right, but a moment later the lobe B has assumed 
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the position shown in the right-hand diagram, and the water is 
imprisoned between the lobe and the case. An instant later the 
two lobes are forcing this water up the pipe £, while the water 
coming in at D is flowing to the left. The greatest objection to 


Fig. 199d. 


- these pumps is that it is difficult to maintain close contact be- 
tween the case and the lobes or wheels, owing to wear, so that 
after being in use for some time there is much back leakage of 
water, and the capacity and efficiency of the pump are diminished. 
The only apparent advantage of the rotary pump is that it has 
no valves. Five rotary pumps of the type of Fig. 1995 were 
installed in 1902 at a pumping station near Chicago, the lobes 
or impellers being 4 feet long and the distance between their 
centers 2.7 feet; these pumps run at roo revolutions per minute, 
and each has a capacity of 6000 cubic feet per minute under the 
total lift of about 8 feet.* 


The pumps thus far described, with the exception of the 
hydraulic ram, may be called mechanical pumps, because they 
act under energy communicated to them from motors. All 
mechanical pumps are reversible; that is, when the water moves 
in the opposite direction under a pressure-head, they become 
hydraulic motors. The reverse of the chain and bucket pump 
is the overshot or breast wheel, that of the suction and lift pump 
is the water-pressure engine, and that of the centrifugal pump is 
the turbine. The hydraulic ram does not operate under the ac- 
tion of a motor, and it does not appear to be reversible. 


* Engineering News, 1903, vol. 49, Ps 272: 
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Pumps which have no moving parts and which operate through 
the action of air suction and dynamic pressure constitute another 
class which will now be briefly considered. Here belong the 
jet or ejector pumps which act largely through suction, and the 
injector pump used on locomotives. The latter produces a 
vacuum through the flow of steam, and cannot be discussed here, 
as it involves principles of thermodynamics. The fundamental 
principle, however, is indicated in Fig. 199c, which shows the jet 
apparatus invented by James Thomson in 1850.* The water to 
be lifted is at C, and it rises by 
suction to the chamber B, from 
which it passes through the dis- 
charge pipe to the:tank D. The 
forces of suction and pressure are 
produced by a jet of water issuing 
from a nozzle at the mouth of the 
discharge pipe, the nozzle being at 
the end of a pipe AB through 
which water is brought from a reservoir; or the water delivered 
from the nozzle may come from a hydrant or from a force pump. 
Let H be the effective head of the jet as it issues from the 
nozzle, #, the suction lift, and /, the lift above the tip of the 
nozzle; let g be the discharge through the nozzle and q that 
through the suction pipe. Then, neglecting frictional resistances, 

gH = gh, + qi (a + hy) 

e= (gh + gia + qik)/gH 
It is found by experiments that the efficiency of this jet pump 
is very low, usually not exceeding 20 percent, the highest efh- 
ciencies being for low ratios of 1 + /2 to H. This form of pump 
has, however, been found very convenient in keeping coffer dams 
and sewer trenches free from water, as it requires little or no atten- 
tion and has no moving parts to get out of order. 

Another class of pumps uses the pressure of air or of steam in 


order to elevate water. The idea of these pumps is old, yet it was not 
until 1875 that the steam pulsometer was perfected by Hall, while 


Fig. 199c. 


* Report of British Association, 1852, p. 139. 
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the air-lift pump of Frizell dates from 1880. The air-lift pump is now 
extensively used for raising water from deep wells, the compressed air 
being forced down a vertical pipe in the well tube and issuing from its 
lower end. As it issues, bubbles are formed in the entire column of 
water in the well tube, and being lighter than a column of common 
water, it rises to a greater height under the atmospheric pressure, 
assisted by the upward impulse of the bubbles to a slight extent. 
In this manner water having a natural level 50 feet or more below 
the surface of the ground may be caused to rise above that surface. 
It has been found in practice that for lifts of 15 to 50 feet from 
2 to 3 cubic feet of air are necessary for each cubic foot of water 
that is elevated. The efficiency of this form of pump is low, rarely 
reaching 30 percent, although a maximum of 50 percent has been 
claimed.* 

Among the many forms of pumps operating under the pressure 
of compressed air only the ejector pump used in the Shone system 
of sewerage can here be mentioned. The sewage from a number of 
houses flows to a closed basin, called an injector, in which it continues 
to accumulate until a valve is opened by a float. The opening of this 
valve allows compressed air to enter, and this drives out the sewage 
through a discharge pipe to the place where it is desired to deliver it. 
In the installation of this system of sewerage at the World’s Fair 
of 1893 in Chicago, there were 26 ejectors which lifted the sewage 
67 feet, the total pressure-head being about 108 feet. Vacuum methods 
of moving sewage have also been used in Europe, but these cannot 
compete in efficiency with those using compressed air. 


Prob. 199. For Fig. 199c let the diameter of the nozzle be 1 inch and 
that of the discharge pipe 4 inches. Let H be 64 feet, /, be 18 feet, 4, be 
3 feet, and the discharge from the nozzle be 0.25 cubic feet per second. 
Compute the greatest quantity of water that can be lifted per second through 
the suction pipe, and the efficiency of the apparatus when doing this work. 


Art. 200. PUMPING THROUGH PIPES 


When water is pumped through a pipe from a lower to a higher 
level, the power of the pump must be sufficient not only to raise 
the required amount in a given time, but also to overcome the 
various resistances to flow. The head due to the resistances is 


* Journal of Association of Engineering Societies, 1900, vol. 25, p. 173. 
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thus a direct source of loss, and it is desirable that the pipe 
should be so arranged as to render this as small as possible. 
The length of the pipe is usually much greater than the vertical 
lift, so that the losses of head in friction are materially higher 
than those indicated by the discussion of Art. 195, where vertical 
discharge pipes were alone considered. 


Let w be the weight of a cubic foot of water and g the quantity 
raised per second through the height 4, which, for example, may 
be the difference in level be- 
tween a canal C and a reser- 
voir R, as in Fig. 200a. The 
useful work done by the 
pump in each second is wqh. 
Let h’ be the head lost in 
entering the pipe at the 
canal, h’’ that lost in friction in the pipe, and h’”’ all other losses 
of head, such as those caused by curves, valves, and by re- 
sistances in passing through the pump cylinders. Then the 
total work performed by the pump per second is 


k=wohtwg(h’ +h! +h”) (200); 


Fig. 200z., 


Inserting the values of the lost heads from Arts. 89-92, this 
expression takes the form 


2 
k = wgh-+0q(m+f 44m) = (200)2 


in which v is the velocity in the pipe, Jits length, and d its diameter. 
In order, therefore, that the losses of work may be as small as 
possible, the velocity of flow through the pipe should be low; 
and this is to be effected by making the diameter of the pipe 
large. The size of the pipe is here regarded as uniform from the 
canal to the reservoir; in practice the suction pipe is usually 
larger in diameter than the discharge pipe, in order that the suc- 
tion valves may receive an ample supply of water. 

determine the horse-power 


For example, let it be required to 
er day through a height of 


of a pump to raise 1 200 00° gallons p 
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230 feet when the diameter of the pipe is 6 inches and its length 
1400 feet. The discharge per second is 


q= eS = 1.86 cubic feet, 
7.481 X 24 X 3600 


and the velocity in the pipe is 
1.86 


= ——_—_—_ = 9.47 feet per second. 
0.7854 X 0.5? BAS 4 


The probable head lost in entering the pipe is, by Art. 89, 
2 
h' =0.5~ =0.5 X 1.39 =0.7 feet. 
2§ 


When the pipe is new and clean, the friction factor f is about 
0.020, as shown by Table 90a; then the loss of head in friction 
in the pipe is, by Art. 90, 


h’’ = 0.020 X oe X 1.39 = 77.8 feet. 
The other losses of head depend upon the details of the pump 
cylinder and the valves; if these be such that Mz = 4, then 
h”’ =4X 1.39 = 5.6 feet. 
The total losses of head hence are 
hi +h!’ + h’” = 84.1 feet. | 
The work to be performed per second by the pump now is 
k = 62.5 X 1.86 (230+ 84.1) = 36 sto foot-pounds, 


and the horse-power to be expended is 36 510/550 = 66.4. If 
there were no losses in friction and other resistances, the work 
to be done would be simply 


k = 62.5 X 1.86 X 230 = 26 740 foot-pounds, 


and the corresponding horse-power would be 26 740/550 = 48.6. 
Hence 17.8 horse-power is wasted in injurious resistances, or 
the efficiency of the plant is only 73 percent. 


For the same data let the 6-inch pipe be replaced by one 14 
inches in diameter. Then, proceeding as before, the velocity of 
flow is found to be 1.74 feet per second, the head lost at entrance 
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0.03 feet, the head lost in friction 1.13 feet, and that lost in other 
ways 0.19 feet. The total losses of head are thus only 1.35 feet 
as against 84.1 feet for the smaller pipe, and the horsepeme 
required is 48.9, which is but little greater than the theoretic 
power. The great advantage of the larger pipe is thus apparent 
and by increasing its size to 18 inches the losses of head may be 
reduced so low as to be scarcely appreciable in comparison with 
the useful head of 230 feet. 


A pump is often used to force water directly through the mains 
of a water-supply system under a designated pressure. The work 
of the pump in this case consists of that required to maintain the pres- 
sure and that required to overcome the frictional resistances. Let 
h, be the pressure-head to be maintained at the end of the main, 
and z the height of the main above the level of the river from which 
the water is pumped; then /,+¢ is the head H, which corresponds to 
the useful work of the pump, and, as before, 


k=woaH +wq(h +h’ +h") 


To reduce the injurious heads to the smallest limits the mains should 
be large in order that the velocity of flow may be small. In Fig. 
2006 is shown a symbolic representation of the case of pumping into 
a main, P being the pump, C the 
source of supply, and DM the pres- 
sure-head which is maintained upon 
the end of the pipe during the 
flow. At the pump the pressure- 
head is AP, so that AD represents 
the hydraulic gradient for the pipe 
from P to M. The total work of 
the pump may then be regarded as Fig. 2005. 

expended in lifting the water from 

C to A, and this consists of three parts corresponding to the heads CM 
or z, MD or fy, and AB or W+h' +h”, the first overcoming the force 
of gravity, the second maintaining the discharge under the required 
pressure, while the last ‘5 transformed into heat in overcoming fric- 
tion and other resistances. In this direct method of water supply 
a standpipe, AP, is often erected near the pump, in which the water 
rises to a height corresponding to the required pressure, and which 
furnishes a supply when a temporary stoppage of the pumping engine 
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occurs. This standpipe also relieves the pump to some extent from 
the shock of water hammer (Art. 157). 

Prob. 200. Compute the horse-power of a pump for the following data, 
neglecting all resistances except those due to pipe friction: g=1.5 cubic 
feet per second, which is distributed uniformly over a length /,=3000 feet 
(Art. 104), the remaining length of the pipe being 4290 feet; d=10 inches, 
h,=75.8 feet, and z=10.6 feet. 


Art. 201. PUMPING THROUGH HOSE 


In Art. 109 the flow of water through fire hose was briefly 
treated and the friction factors given for different kinds of hose 
linings. It was shown that the loss of head in a long hose line 
becomes so great, even under moderate velocities, as to consume 
a large proportion of the pressure exerted by the hydrant or 
steamer. As another example, let the pressure in the pump of 
the fire engine be 122 pounds per square inch, corresponding 
to a head of 281 feet, and let it be required to find the pressure- 
head in 23-inch rough rubber-lined cotton hose at rooo feet dis- 
tance, when a nozzle is used which discharges 153 gallons per 
minute, the hose being laid horizontal. The discharge is 0.341 
cubic feet per second, which gives a velocity of 10.0 feet per sec- 
ond in the hose. Hence by (90) the loss of head in friction is 
231 feet, so that the pressure-head at the nozzle entrance is only 
50 feet, which corresponds to about 22 pounds per square inch. 
The remedy for this great reduction of pressure is to employ a 
smaller nozzle, thus decreasing the discharge and the velocity 
in the hose; but if both head and discharge are desired, they may 
be obtained either by an increase of pressure at the steamer or 
by the use of a larger hose. 


Another method of securing both high velocity-head and 
quantity of water is by the use of siamesed hose lines, and this 
is generally used when large fires occur. This method consists 
in having several lines of hose, generally four, lead from the 
steamer to a so-called siamese connection, from which a short 
single line of hose leads to the nozzle. In Fig. 201 the pump 
or fire steamer is represented by A, the siamese joint by B, the 
nozzle entrance by C, and the nozzle tip by D. From A let n 
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lines of hose, each having the length 4; and the diameter d,, lead 
to B; and from B let there be a single line of length J) and diam- 
eter d, leading to the nozzle which has the diameter D. The 
hydraulic gradient (Art. 99) is shown by abcD, the pressure-heads 


Fig. 201. 


at A, B, C being represented by Aa, Bb, Cc. Let h be the pres- 
sure-head on the nozzle tip or the difference of the elevations of 
the points a and D. It is required to deduce a formula for the 
velocity at the nozzle tip and to determine the pressure-heads 
at B and C. 


"This case is one of diversions, already treated in Art. 105, 
and the same principles may be applied to its solution. Neg- 
lecting losses in entrance, in curvature, and in the siamese joint, 
the total head / is expended in friction in the hose lines and in 
the nozzle, or pee ho? f hv? , 1 V? 

ag 2g TP 25" 6,422 


in which 2; and v are the velocities in the lines J; and h, and V 
is that from the nozzle, while c, is the coefficient of velocity of 
the nozzle (Art. 83). The first term of the second member is 
the head lost between A and B, and the algebraic expression for 
this is independent of the number of hose lines between those 
points; the velocity 2 in these hose lines depends, indeed, upon 
their number, but the hydraulic gradient ad is the same for each 
and all of them. The law of continuity of flow (Art. 31) gives, 


however, ndy2v, = dy20, = D°V 


and, taking from these the values of 2; and 7 in terms of V and 
inserting them in the expression for /, there results 


iE a ae 
LOO 
n*d \d, dz \dz Co 


(201) 
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from which the velocity V and the velocity-head V2/2g can be 
computed, while the discharge is given by g= 47D°V. The 
pressure-head fy at the nozzle entrance and the pressure-head 
at the siamese joint may then be found from 


per I 
Io = ci? 2g hy= Ee) ds ee: 


and, as a check, the latter should equal # minus the drop of the 
hydraulic gradient between a and 0. 


This discussion shows that, by increasing the number , the 
loss of head between A and B may be made very small, the effect 
being practically the same as that of moving the steamer to B 
and using but a single hose line 22. As a numerical example, 
let = 230.4 feet,-l; = 500 feet, = 60 feet, di = dz = 2.5 inches, 
D=t1 inch, and cq =0.975. ‘Then, taking f as 0.03, the computed 
results for different values of m are as follows, V being in feet per 
second, V?/2g in feet, and gq in gallons per minute. It is seen that 


n= I 2 3 4 6 oo) 
V= 68.9 Q2.2 99.8 10.3 105 107 
VHRR GRAS 132 155 165 173 180 
gq = 169 226 244 252 258 263 


for four lines the velocity-head is more than double that for a 
single line and that the discharge is 50 percent greater. With 
more than four lines the velocity-head and discharge increase 
slowly, and for m = oo they are practically the same as for 2 = to. 
The number of hose lines generally used is four, since the slight 
advantage of more lines is not sufficient to warrant their use. 


Many other interesting problems relating to hose lines may 
be solved by using the same principles. If there are four lines of 
hose between the pump and the siamese joint, three having the 
diameter d, and one having the diameter d, it can be shown that 
the formula (201) applies, provided n be replaced by 3 + (d/d1)3. 
For instance, if d be 3 inches and d, be 24 inches, this makes n? 
about 19. In deducing this expression for 2 it is assumed that 
the friction factors are the same for both sizes of hose, although 
in strictness the smaller hose has Se higher value of f. 
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_ Another case is where two of the hose lines between A and 
B have the diameter d, and the length J,, while the two other lines 
are of the length / + Js, the length 7 having the diameter d and 
the length /; the diameter d;._ Here the principles regarding com- 
pound pipes (Art. 100) are also to be regarded, and formula (201) 
applies likewise to this case, if 7 be computed from 


2.) poree 
n=2+2 
| dy; é -- €3(d/d3)4 
in which e represents f(//d), while e; and es represent fi(i/d:) and 
f3(ls/d3) respectively. For instance, if J; = 100, J; = 100, and 
1 = 50 feet, while d, = d; = 24 inches and d = 3 inches, then 
the value of 2? is about 21, so that this arrangement is more effec- 
tive than that of the preceding paragraph. 


In the deduction of the above formulas losses of head at entrance 
and in the siamese joint have not been regarded, and it is unnecessary 
to consider these when the hose lines are long. For lines less than 100 
feet in length the losses of head at entrance may be taken into account 
by adding the term 0.5(D/d,)?/n? to the denominator of (201) ibe 
loss of head due to the siamese joint may, in the absence of experi- 
mental data, be approximately accounted for by adding about 0.02 
to that denominator, thus considering its influence about one-half 
that of the nozzle. Ina case like that of the last paragraph, where the 
length / in two of the hose lines is nearest the pumps, the values of 
e and e, may be increased by 0.5 in order to introduce the influence 
of the entrance heads. Errors of 5 percent or more are liable to occur 
in computations on pumping through short hose lines. 


Prob. 201a. Three hose lines run from a pump to a siamese connec- 
tion, each being soo feet long and 21 inches in diameter, and from the siamese 
one line 50 feet long and 23 inches in diameter leads to a 14-inch nozzle hav- 
ing a velocity coefficient of 0.96. When the pressure at the pump is 100 
pounds per square inch, what is the discharge from the nozzle and the veloc- 
ity-head of the jet? What friction heads are lost in the hose and nozzle ? 


Prob. 2015. In a fire-engine test made in 1903, the lengths /; and /, 
were so feet, the length / was 12 feet, and J, was zero, as the nozzle was at- 
tached directly to the siamese joint. The diameter d, was 3 inches, while 
d and dz were 23 inches, and D was 2 inches. The pressure gage on the 


steamer read go, while one on the siamese joint read 63 pounds per square 


inch, Compute the pressure-head at the siamese joint. 
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Prob. 201c. What is the efficiency of a bucket pump which lifts 2000 
liters of water per minute through a height of 3.5 meters with an expenditure 
of 2.5 metric horse-powers ? 

Prob. 201d. When the height of the mercury barometer is 760 milli- 
meters, water at a temperature of o° centigrade is raised by suction in a per- 
fect vacuum to a height of 10.33 meters (Art. 193). Under the same at- 
mospheric pressure, how high can it be raised when the temperature is 32° 
centigrade ? 

Prob. 20le. What metric horse-power is required to raise 4 000 000 
liters per day through a height of 75 meters when the diameter of the pipe 
is 20 centimeters and its length 500 meters ? 

Prob. 201f. The calorie is the metric thermal unit, this being the energy 
required to raise one kilogram of water one degree centigrade when the tem- 
perature of the water is near that of maximum density. How many calories 
are equivalent to 1 000 ooo British thermal units ? 
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APPENDIX 
~ Art. 202. Hypraurtic MACHINERY 


Hydraulic presses, jacks, accumulators, elevators and other 
apparatus by which pressure and power are transmitted through 
water are frequently included under the term hydraulic machin- 
ery. In these the action of the water is mainly hydrostatic 
(Art. 10). Hydraulic motors convert the energy of water 
into useful work, pumps raise water by the work applied to 
them, but hydraulic machinery transmits energy through 
water from a point of application to a point where it is utilized 
in doing work. 


The hydraulic press used in testing machines is very simple, 
consisting of a cylinder C into which water is forced through 


Fig, 202a. 


the pipe A (Fig. 202c). The water pressure acts upon the 
piston D and is transmitted to the plunger P to one end of the 
bar F which is under test; the other end of the bar abuts against 
the tail piece G which can be fastened in any convenient position 
on the four guides H. If the diameter of the piston is D and 
the unit pressure behind the piston is p, then, neglecting friction, 
the force transmitted to the test bar is 1,D?p, so that if the diam- 
eter of the bar is d the unit-stress in the bar is (D/d)?p. The 
anit-pressure p is measured either by a mercury column or by a 
spring gage B. The machine at Phoenixville has a capacity of 
1200 tons, which is developed by a pressure of 800 pounds pe” 
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square inch in the cylinder; the piston is 64 inches in diameter 
and has a 72-inch stroke, and the machine can be used for both 
compressive and tensile tests. 


The hydraulic jack is a portable machine which is a combina- 
tion of a force pump and hydraulic press. The common form, 
invented by Dudgeon about 1850, con- 
sists essentially of a fixed vertical column 
A (Fig. 2026) upon which moves the 
jack B, whose upper portion C is hollow 
and contains the operating fluid. By 
means of the handle H this fluid is 
forced by the piston P into the lower 
reservoir E where its pressure lifts the 
part B together with weight W. At V1 
is an inward-opening valve which admits 
the fluid beneath the piston when the 
handle H is raised, and at V2 isa down- 
ward-opening valve through which the 
fluid passes when the handle is lowered; 
when it is desired to lower the movable part B these valves are 
held open by proper devices so that the pressures in & and C 
become equalized. At T is a toe which may also be used for 
lifting. The large jacks used for lifting bridges have capacities 
of 600 tons. Neglecting friction, the mechanics of the jack is 
simple. Let W = load to be lifted, this including the weight of 
B, let F = force applied at end of handle, a and 6 = lever arms 
shown in Fig. 2020, d = diameter of piston P, D = diameter of 
reservoir E; then W = (D/d)?(a/b)F. For example,.if a = 36 
inches, b = 1} inches, d = ? inch, D = 4 inches, then a force F 
of 100 pounds will lift a load W of 68 300 pounds; when the force 
F falls 10 inches the weight W rises 0.0146 inch. 
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Fig. 202b. 


The accumulator is a device for storing energy by means 
of water under pressure in a tank. The water is forced into the 
tank C by pumps through the inlet pipe J (Fig. 202c) and its 
pressure lifts the plunger P and the attached loads W; when the 
plunger has reached the top of its travel it brings into action 
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a mechanism which stops the pumps. The water under pres- 
sure passes out of the’cylinder through the outlet pipe O, and, as 
the plunger nears the bottom of its travel, another mechanism 
starts the pumps. Let W be the total weight of plunger and 
loads, D = diameter of plunger, and / = unit-pressure in the 
water; then p = W/{D?, if friction of the 
packing be ignored. Let s = stroke of 
the piston, then Ws is the work that can 
be developed in one stroke. The accu- 
mulator is used for delivering energy to 
forging processes and other machinery 
whose action is variable. Let Q be the 
quantity of water required in the time ¢ 
during which the machine is working, and 
T the time of a whole operation, that is, 
the period of working plus the time of 
rest. If an accumulator is not used the 
pump must be large enough to furnish Q/t 
per second while with an accumulator only 
Q/T is needed. 

The differental accumulator (Fig. 202d) enables a much higher 
pressure to be maintained with the same load W; here the plunger 
is fixed and is made of two diameters, the tank 
C being in the annular space above the larger 
diameter. If D and d be the two diameters, then 
p = W/in(D?—d?). Pressures as high as 2000 
pounds per square inch have been developed and 
utilized by the differential accumulator. Let p 
be this unit-pressure, and the diameters be 7 and 
s inches; then W= 2000 (38.48 — 19.63) = 37 790 
pounds; if the stroke isgrOerect, the energy that 
can be developed in one stroke is 377 000 foot: 
pounds, which is equivalent to 11.4 horse-powers 
utilized in one minute. This result is slightly too 
large because friction losses He nae ae ae: 
ered. The efficiency of Saas eee rie a 
A large accumulator 1n London s 


horse-powers can be utilized in one minute. 


Fig. 202c. 


Fig. 202d. 
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Other hydraulic machines may be regarded as modifications of 
the pump, the hydraulic press and the accumulator. Among these 
are the water-pressure engine (Art. 171), hydraulic elevators, hoists, 
riveters, brakes and gate-operating devices. In all of these the water 
acts by its pressure and the efficiency of the operations depends upon 
the special pistons, packings, valves, and regulators which are used; 
these will not be considered here as their operation involves no 
hydraulic principles. 

The efficiency of a hydraulic machine is the ratio of the 
work derived from it to the work applied to it. Thus, for a 
hydraulic elevator—let W, be the weight of the water con- 
sumed in one up-and-down trip, this water acting under the 
pressure-head 1; let W be the tota] load which is lifted by the 
elevator through the height 4; then the efficiency ise=Wh/W hy 
in which 4; may be replaced by 2.3, if p is the water pressure 
in pounds per square inch and fh is given in feet. Plunger 
elevators with a good counter-balancing arrangement give 
€=0.90, while without such balancer e may be as low as 0.30. 
In general a reliable precise value of the efficiency of a hydrau- 
lic machine is difficult to determine. 

Prob. 202a. An accumulator loaded to a pressure of 800 pounds per 
square inch has a plunger 18 inches in diameter and a stroke of 21 feet. 


What is the load W? What horse-power can be obtained for a period of 
50 seconds? ' 


ArT. 203. MuiscELLANEOUS PROBLEMS 


The following problems introduce subjects that have not 
been specifically treated in the preceding pages. Teachers who 
wish to offer prize problems to their classes may perhaps find 
some of these suitable for that purpose. 


Prob. 203a. A wooden water tank 18 feet in diameter and 24 feet high 
is to be hooped with iron bands which may be safely spaced 6 inches apart 
at the middle of the height. How far apart should they be spaced at the 
bottom ? 

Prob. 2036. A house is 60 feet lower than a spring A and 30 feet higher 
than a spring B. A pipe from A to the house runs near B. Explain a 


method by which the water from B can be drawn into the pipe and be deliv- 
ered at the house. 
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Prob. 203d. From a pumping station water is forced by direct pressure 
through a compound pipe, consisting of 7500 feet of 14-inch pipe, 4100 feet 
of 12-inch pipe, and 780 feet of 8-inch pipe, to a 6-inch pipe on which there 
are three hydrants A, B, and C. A is 133 feet from the end of the 8-inch 
pipe and rrs feet above the gage at the pumping station; B is 433 feet from 
the end of the 8-inch pipe and 135 feet above the gage; C is 733 feet from the 
end of the 8-inch pipe and 125 feet above the gage. To each of these hy- 
drants is attached 50 feet of 23-inch rubber-lined hose with a 1-inch smooth 
nozzle at the end. When the gage at the pumping station reads 175 pounds 
per square inch, to what heights will the three streams be thrown from the 
three nozzles ? 


Prob. 203e. When a body falls vertically in water, its velocity soon be- 
comes constant. Forasmooth sphere an approximate formula for this veloc- 
ity is oV 2gd(s—1), in which d is the diameter of the sphere and s its spe- 
cific gravity. Compute the velocity v for a sphere having a diameter of 0.001 
feet, and a specific gravity of 1.25. 

Prob. 203f. The velocity with which water flows through a sand filter 
bed varies directly as the head (Art. 110). If V is the velocity in meters 
per day, d the effective size of the sand grains in millimeters, # the head, 
i the thickness of the sand bed, and ¢ the centigrade temperature, 

V = 1000 (0.70 + 0.034) (h/l)@ 
is the formula deduced by Hazen.* When t=32°.4 centigrade, d=0.4 
millimeters, /=4 feet, and =o.4 feet, find how many million gallons per 
day will pass through one acre of filter beds. 

Prob. 203g. A bent U tube of uniform size is partly filled with water. 
Let the water in one leg be depressed a certain distance, causing that in the 
other to rise the same distance. When the depressing force is removed, the 
water oscillates up and down in the legs of the tube, the times of oscillation 
being isochronous. If / be the entire length of the water in the tube, show 
that the time of one oscillation is 7 V1/2g. If the legs are inclined to the 
horizontal at the angles 6 and ¢, show that the time of one oscillation is 
ax Vi/g (sin? + sing). 

Prob. 203%. The bottom of a canal has the width 28, and it is desired 
to shape the banks so that the hydraulic radius of the cross-section may be 
constant. Show that the equation of the curve is rae 

y =r loge (x +y/x2 — r*)/(6 +/b? — 7) 
in which y is the depth of the water, x the half width of the water surface, and 
ry the constant hydraulic radius. 

Prob. 2037. A river having a slope of 1 on 2500 runs due east. A line 
drawn due north at a point A on the river strikes at B, 5000 feet from A, 


* Report Massachusetts State Board of Health, 1892, p. 553- 
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the edge of a large swamp which it is desired to drain. The level of the watet 
in this swamp is 0.5 feet below the river surface at A, and it is desired to 
lower that level 1.5 feet more. For this purpose a ditch is to be dug run- 
ning from A in a straight line on a uniform slope until it joins the river at 
a point C eastward from A. The discharge of this ditch, in order to properly 
drain the swamp, will be 25 cubic feet per second, its side slopes are to be 1 
on 1, the mean velocity is not to exceed 2.5 feet per second, and the coeffi- 
cient c in the Chezy formula is estimated at 70. Find the length and width 
of the most economical ditch. 


ArT. 204. ANSWERS TO PROBLEMS 


Below will be found answers to some of the problems given 
in the preceding pages, the numbers of the problems being placed 
in parentheses. In general it is not a good plan for a student to 
solve a problem in order to obtain a given answer. One object 
of solving problems is, of course, to obtain correct results, but 
the correctness of those results should be established by methods 
of verification rather than by the authority of a given answer. 
It is more profitable that a number of students should obtain 
different answers to a problem and engage in a discussion as to 
the correctness of their solutions than that all discussion should 
be stopped because a certain answer is given in the text. How- 
ever satisfactory it may be to know in advance the result of the 
solution of an exercise, let the student bear in mind that after com- 
mencement day answers to problems will not be given. 

(1) One horse-power. (3) 147.2 pounds. (4) See Table 4. (7) See 
Index. (8) 29.56 inches. (90) 9.54 kilograms per square centimeter. 
(9d) 5575 kilograms. (12) 40.6, 1.56, 2.65. (15) 28300 pounds: (17) 
4.01 feet. (200) 3.07. (20c) 2945 kilograms. (21) 56.9 feet per second. 
(25) v= 32.1 feet per second. (27) 19.3 pounds. (32) 24.9 seconds. 
(33c) 0.73. (35) 1.96 and 166 cubic feet. (36) 0.017 inches. (37) eat 
feet. (39) v = 4.00 feet per second. (41) See Engineering News, May 4, 
torr. (45) c=1.06. (48) c=0.60s. (49) 17.2 feet. (50) 10.5 cubic feet 
per second. (51) 0.034 cubic feet per second. (55) 103. (59a) c = 0.08. 
(60) 0.361 feet per second. (62) 0.0109 feet. (67) ‘7.10 and 6.97 cubic 
feet per second. (71) 0.74 percent. (72) 0.581. (72a) 1.30 centimeters. 
(75) 0.126 feet. (76) 0.13 and 7.60 feet. (77) 0.28 feet. (78) ¢ =0.90 
and fy =0.70. (80) ¢=0.802. (81) 6.67 feet. (83) 0.963. (84) 1.06. 
(89) 0.29 feet. (95) 3.06 and 4.94 inches. (98) About 6 cubic feet per 
second, (112) 1.4 feet. (114) 4.4 feet. (115) 7.32 feet per second. (116) 
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1.28 X 0.64 feet. (118) 57400000 gallons. (120) d= 3.09 feet. (1275) 
0.48 meters. (129) 546 cubic feet persecond. (132) 1.76 feet per second. 
(134) 760 cubic feet per second. (140) d,=12.5 feet. (141d) H =0.41 
meters. (145) 0.9. (146) 13.5 horse-powers. (147) 1.32 horse-powers. 
(148) 257 feet. (149) 35.4 percent. (15lc) 18400 kilowatts. (152) 
3.96 gallons. (155) About 120 pounds. (159) 34.5 feet per second. 
(1622) e=0.83. (164) From 48 to 50 horse-powers. (165) 13.6. 
(171a) 30.1 kilowatts. (172) 16 feet. (175) 4.117 and 4.120. (178) 
167. (182e) 27.0 cubic meters. (183) 743 horse-powers. (185) 1530 
horse-powers. (191d) r= 11.6 meters. (198) e =0.78. (200) 17.8 horse- 
powers. (201d) of meters. 
Evolvi varia problemata. In scientiis enim ediscendis prosunt exempla 
magisquam precepta. Qua de causa in his fusius expatiatus sum.— NEWTON. | 


Art. 205. MATHEMATICAL TABLES 


Tables A, B, C, D give constants often needed in computations. 


Table E gives squares of numbers from 1.00 to 9.99, the arrange- 
ment being the same as that of the logarithmic table. By properly 
moving the decimal point, four-place squares of other numbers are 
also readily taken out. For example, the square of 0.874 is 0.7639, 
and that of 87.4 is 7639, correct to four significant figures. ; 


Table F gives areas of circles for diameters ranging from 1.00 to 
9.99, arranged in the same manner, and by properly moving the deci- 
mal point, four-place areas for all circles can be found. For in- 
stance, if the diameter is 4.175 inches, the area is 13.69 square inches; 
if the diameter is 0.535 feet, the area is 0.2248 square seers 


Table G gives trigonometric functions of angles and Table H 
the logarithms of these functions. The term “arc”? means the length 
of a circular arc of radius unity, while “coarc”’ is the complement of 
the arc, or a quadrant minus the arc. If 6 is the number of degrees 
in any angle, the value of arc} is 10/180. 


Table J gives four-place: common logarithms of numbers, and 
these are of great value in hydraulic computations (Art. 8). Table 
K, taken from the author’s “Elements of Precise Surveying and 
Geodesy,” gives nine-place constants and their logarithms. 

For other tables used in hydraulic computations see American 
Civil Engineers’ Pocket Book (New York, 1912). Barlow’s Tables 
(London, 1907) give eight-place values of squares, cubes, square 
roots, cube roots, and reciprocals of numbers from I to 10 000. 
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TABLE A. FUNDAMENTAL HyDRAULIC CONSTANTS 


English Measures 


Name Number Logarithm 


Pounds of water in one cubic foot w 62.5 1.7959 
Pounds of water in one U. S. gallon w/7.481 8.355 0.9220 
Pounds per square inch due to one 

atmosphere : 14.7 1.1673 
Pounds per square inch due to one foot 

of head w/144 0.434 1.6375 
Feet of head for pressure of one pound 


per square inch 144/w 2.304 0.3625 
Cubic feet in one U. S. gallon 231 /1728 0.1337 1.1261 
U. S. gallons in one cubic foot 1728 / 231 7.481 0.8739 
Acceleration of gravity in feet per 

second per second g 32.16 1.5073 
8.020 0.9042 
5-347 0.7281 
0.01555 2.1916 
6.299 0.7993 


TaBLeE B. FUNDAMENTAL HypDRAULIC CONSTANTS 


Metric Measures 


Name Symbol Number Logarithm 


Kilograms of water in one cubic meter w 3.0000 
Kilograms of water ia one liter w / 1000 0.0000 
Kilograms per square centimeter due to 

one atmosphere i 0.0142 
Kilograms per square centimeter due to 

one meter head : 1.0000 
Meters of head for pressure of one kilo- 


gram per square centimeter I.0000 
Cubic meters in one liter 0.001 3.0000 
Liters in one cubic meter 1000 
Acceleration of gravity in meters per 

second per second g 9.800 


3.0000 


0.9912 
4.427 0.6461 
2.951 0.4700 
0.05104 2.7077 
3-477 0.5412 
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TABLE C. Metric EQUIVALENTS OF ENGLISH UNITS 


English Unit 


Inch 

Foot 

Square Inch 
Square Foot 
Cubic Foot 

r U.S. Gallon 
Imperial Gallon 


Pound 
Pound per Square Inch 


Pound per Cubic Foot 
Foot-pound 
Horse-power 
Fahrenheit 
Temperature F° 


Metric Equivalent 


Logarithm 


2.5400 centimeters 

0.3048 meters 

6.4520 square centimeters 
0.09290 square meters 

0.02832 cubic meters 

3.7854 liters 

4.5438 liters 

0.45306 kilograms 

0.07030 kilograms per square centi- 

meter 

16.017 kilograms per cubic meter 
0.1383 kilogram-meters 

1.0139 cheval-vapeur 


Centigrade temperature 
C°=4(F?—32") 


0.40483 
1.48402 
0.80969 
2.96803 
2.45200 
0.57812 
0.65742 
1.65667 


2.84697 
1.20457 
1.14069 
0.00599 


TABLE D. ENGLISH EQUIVALENTS OF METRIC UNITS 


Metric Unit 


English Equivalent 


Logarithm 


Centimeter 

Meter 

Square Centimeter 
Square Meter 

Cubic Meter 

Liter 

Liter 

Kilogram 

Kilogram per Square 
Centimeter 
Kilogram per 
Meter 
Kilogram-meter 
Cheval-vapeur 


Cubic 


Centigrade 
Temperature C® 


0.3937 inches 

3.2808 feet 

0.1550 square inches 
10.764 square feet 
35.314 cubic feet 

0.2642 U. S. gallons 

0.2201 imperial gallons 

2.2046 pounds 


14.224 pounds per square inch 


0.06244 pounds per cubic foot 
7.2329 foot-pounds 
0.9863 horse-powers 


Fahrenhcit temperature 
F°=32°+1.8 C° 


1.59517 
0.51598 
T.19031 
1.03107 
1.54791 
7.42188 
1.34258 
0.34333 


I.15303 
2.79543 


0.85931 
T.Q9041 
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Taste E. SQuaRES OF NUMBERS 


I,000 1.020 1.124 1.145 
f.21ONt, 232 1.346 1.369 
I.440 1.404 1.588 1.613 
1.690 1.716 1.850 1.877 
1.960 1.988 PE OHO 


2.250 2.280 2.434 2.405 
2.560 2.592 2.7560 2.789 
2.890 2.924 : 3.098 3.133 
. 3.240 3.276 , 3.460 3.407 
3.610 3.648 3.842 3.881 


4.000 4.040 4.244 4.285 
4.410 4.452 é 4.666 4.709 
4.840 4.884 4.928 5-108 5.153 
5-290 5.330 5. Pee. Goma 
5.760 5.808 5. 6.052 6.101 
6.250 6.300 6.554 6.605 
6.760 6.812 LVAD GLAD) 
7.200 7.344 : ; 7.618 7.673 
7.840 7.806 8.180 8.237 
8.410 8.468 8.762 8.821 


9.000 9.060 9.304 9.425 
9.610 9.672 9.986 10.05 
10.24 10.30 10.63 10.69 


10.89 10.96 £L-20, 10-20 
11.56 11.63 I1.Q7 12.04 


U2.25 12.32 12:07 852.74 
12.96 13.03 1G4 Olea, 
13.69 13.76 I4.14 14.21 
14.44 14.52 : 14.90 14.98 
15.21 15.29 15.68 15.76 
16.00 16.08 16.48 16.56 
16.81 16.89 Ljegl Leo 
17.64 17.72 18.15 18.23 
18.49 18.58 19.01 19.10 
19.36 19.45 19.89 19.98 
20.25 20.34 20.79 20.88 
2lecOmoreas 217 2e2Te oO 
N22:00822 5 27 OOm22nTe, 
23.04 23.14 23.62 23.72 
24,01 24.11 24.60 24.70 


25.00 25.10 25.60 25.70 
26.01 26.11 26.63 26.73 
27.04 27.14 MS Daffy 
28.09 28.20 28.73 28.84 
29.16 -29.27 29.81 29.92 
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TABLE E. SQUARES OF NUMBERS (Continued) 


Ro wp ud OOM AWHHO OMAN FHHHO OMIA ABHHHO O OVAN 


5. 
5. 
5- 
‘Se 
5 

6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6. 
6 

Tie 
ae 
7. 
bi 
7. 
fe 
Te 
Ue 
Re 
7 

8 

8. 
8. 
8. 
8. 
8. 
8. 
8. 
8. 
8. 
9. 
9. 
Q. 
9. 
9. 
9 

Q. 
De 
9. 
Q- 
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TABLE F. AREAS OF CIRCLES 


.8825 .8992 .Q161 
1.057 1.075 1.094 
e277 eleanor 
1.453 1.474 1.496 
1.674 1.697 1.720 


I.QII 1.936 1.961 
2A Se.LOOn22. 7) 
2.433 2.461 2.488 
Dil, Pai) PaO 
3.017 3.048 3.079 


3-333 3-365 3-398 
3-664 3.698 3.733 
4.012 4.047 4.083 
4.374 4.412 4.449 
4-753 4-792 4.831 


5-147 5.187 5.228 
5-557 5-599 5-041 
5.983 6.026 6.070 
6.424 6.469 6.514 
6.881 6.928 6.975 


7-354 7-402 7-451 
7-843 7-892 7.942 
8.347 8.398 8.450 
8.867 8.920 8.973 
9-402 9.457 9.511 
9.954 I0.0I 10.07 
10.52 10.58 10.64 
TUESHKSY WCAG), TGA 
i 7Om hie OMnn see 
12.32 12.38 12.44 


£2.05 13:09 913.07 
13.59 13.66 13.72 
14.25 14.32 14.30 
14.93 I5.00 15.07 
15.62 15.69 15.76 
16.33 16.40 16.47 
17.00 17.13 17.20 
L7.00 17.07 17.05 
18.55 18.63 18.70 
19.32 19.40 19.48 
20.II 20.19 20.27 
20.91 20.99 21.07 
20.73, 21.OL 120-00 
22°50 02205 ue2e7e 
23°41 23°50) 23250 


3-3 
3-4 
3-5 
3.6 
3-7 
3.8 
3-9 
4.0 
4.1 
4.2 
4.3 
4.4 
4-5 


0 mOnmmMMmM WOON NNININN DADA 
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TaBLE F. AREAS OF CIRCLES (Continued) 


555 
5.6 
5-7 
5.8 
5-9 
6.0 
6.1 
6.2 
6.3 
6.4 
6.5 
6.6 
6.7 
6.8 
6.9 
7.0 
aE 
Fig 
7:3 
7-4 
7°5 
7.6 
liesh 
7.8 
7-9 
8.0 
8.1 
8.2 
8.3 
8.4 
8.5 
8.6 
8.7 
8.8 
8.9 
9.0 
Gar 
9.2 
93 
9.4 
9-5 
9.6 
9.7 
9.8 
9.9 


Q 
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TasLE G. TRIGONOMETRIC FUNCTIONS 
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TaBLE H. LocGarirHmMs oF TRIGONOMETRIC FUNCTIONS 


Log Tan | Log Sec Log Cot | Log Cos 


oe) °. 
1.7581 | 1.7581 | 1.9999 
-4572| .4569 | .9997 
.2812 | .2806] .9994 
1564} .1554]| .9989 
-0597| .0580] .9983 
0.9808 | 0.9784 | 1.9976 
-QI4I | .g10g | .9968 
8564 | .8522] .9958 
8057 | .8003 | .9946 
-7603 | -7537| -9934 
.7194 | 0.7113 | 1.9919 
.6821 | .6725 | .9904 
.6479 | .6366] .9887 
.6163 | .6032]| .9869 
-5870 | .5719 | -9849 
+5597 | 0.5425 | 1.9828 
-5341 | -5147 | .9806 
.5100| .4882]| .9782 
4874 | .4630| .9757 
.4059 | -4389| -.9730 
-4457 | 0.4158 | 1.9702 
.4264 | .3936| .9672 
4081 | .372I1 | .9640 
.3907 | +3514] .9607 
+3741 | -3313 | -9573 
3582 | 0.3118 | 1.90537 
.3430 | -2928] .9409 
3284 | 2743] -9459 
Bia |) ARE, .9418 
.3010 | .2386] .0375 
.2882 | 0.2212 | 1.9331 
.2758| .2042|] .9284 
£2630) |) e975) | -9230 
.2524| .1710] .9186 
-2414| .1548] .9134 
2308 | 0.1387 | 1.9080 
.2205 | .1229| .9023 
.2107| .1072| .8965 
.2011 | .0916| .8905 
1919 | .0762| .8843 
.1831 | 0.0608 | 1.8778 
Irs) OA5 Onn ore © 
.1662 | .0303 | .8641 
1582 | .o152]| .8569 
.1505 | 0. 8495 


Log Sec | Log Tan | Log Sin 
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Appendix 


TABLE K. CONSTANTS AND THEIR LOGARITHMS 


Name 
(Radius of circle or sphere = 1) 


Area of circle 
Circumference of circle 
Surface of sphere 


Quadrant of circle 
Area of semicircle 
Volume of sphere 


Degrees in a radian 
Minutes in a radian 
Seconds in a radian 


Circumference / 360 


Circumference / 21600 


Circumference / 1296000 


Base Naperian system of logs 
Modulus common system of logs 
Naperian log of 10 


Probable error constant 


Symbol 


180/17 
10800 / 7 
648000 / 13 


1/™ 
fmt 
1/r? 
are Tr 
sin 1° 
arc 1’ 
sin x’ 
are 1’ 


sin 


é 
M 
1/M 


hr | 
hrv2 


Number 


Logarithm 


3-141 592 654 
6.283 185 307 
12.566 370 614 


0.523 598 776 
0.785 398 163 
1.570 796 327 
4.188 790 205 


9.869 604 401 
1.772 453 851 
57-295 779 513 
3 437-746 771 
206 264.806 
0.318 309 886 
0.564 189 584 


O.I1O1 321 184 


0.017 453 293 
0.017 452 406 


0.000 290 888 
0.000 290 888 


0.000 004 848 
0.000 004 848 


2.718 281 828 
0.434 294 482 
2.302 585 093 


0.476 936 3 
0.674 489 7 


0.497 149 873 
0.798 179 868 
1.099 209 864 


1.718 998 622 
1.895 089 881 
0.196 119 877 
0.622 088 609 


0.994 299 745 
0.248 574 936 
1.758 122 632 
3-536 273 883 
5-314 425 133 
1.502 850127 
1.751 425 004 


I.005 700 255 


2.241 877 368 
2.241 855 318 


4.463 726 117 
4.463 726 III 


6.685 574 867 
6.685 574 867 


0.434204 482 
1.637 784 311 
0.362 215 689 


1.678 460 4 
1.828 975 4 


Index 


INDEX 


(The numbers refer to pages.) 


Absolute velocity, 60, 64, 422, 440 
Acceleration, 3, 11, 12, 21, 546 
Acre-foot, 375 
Accumulator, 530 
Adjutage, 178, 191 
Advantageous angle, 420 
nozzle, 449 
section, 283 
velocity, 421, 436, 448, 460, 474. 
Air chamber, 242, 424, 510 
Air-lift pump, 528 
Air valve, 224, 248 
Anchor ice, 5 
Angle measurements, 108 
Answers to problems, 544 
Approach, angle of, 236, 445 
velocity of, 51, 123, 145-153 
apron of dam, 163 
Aqueducts, 210, 272, 300 
Archimedean screw, 504 
Areas of circles, 545, 556 
Atmospheric pressure, 2, 7, 20, 26, 41, 
188, 472, 507 
Automatic devices, 251. 


Backpitch wheel, 450 

Backwater, 344, 353, 355 
function, 354 

Ball nozzle, 199 

Barker’s mill, 453 

Barometer, :7, 8, 20, 472, 507 

Bazin’s formula, 298, 316 

Bends in rivers, 411 

Bernouilli’s theorem, 68, 203 

Biel’s formula, 305@ 

Boiling point, 8, 20 

Bore, 35°, 352 

Bridge piers, 342 


Bristol water level gage, 76 
Boyden diffuser, 471 
hook gage, 79 
turbine, 395, 462 
Brake, friction, 389 
Branched pipes, 254 
hose, 534 
Breast wheels, 437, 528 
Brick conduits, 295, 206 
sewers, 292 
Brooks, 272, 317 
Buckets, 435, 437, 450, 505 
Bucket pumps, 13 
Buoyancy, center of, 30 


Canal boat, 490 
lock, 136 
Canals, 272-292 
Cascade wheel, 441 
Cast-iron pipes, 258, 295 
Catskill aqueduct, 300, 336 
Center of buoyancy, 30, 499 
of gravity, 31 
of pressure, 34, 36 
Centrifugal force, 62 
pump, 521 
Chain pump, 13, 528 
Channels, 272-317 
Chemical methods for velocity, 334 
Chezy’s formula, 275, 287, 313, 315 
Cippoletti weir, 170 
Circles, areas of, 545, 550 
properties of, 280, 556 
Circular conduit, 276, 279, 280 
orifices, 46, 116, 138 
Classification of pumps, 505, 527 
of surfaces, 295, 304 
of turbines, 447 


i 
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Coal used by steamers, 490 
Cock valve, 223 
Coefficient of contraction, 111 
nozzles, 189 
orifices, 112, 129 
tubes, 184, 185 
Coefficient of discharge, 115 
channels, 293, 313 
dams, 176 
nozzles, 189 
orifices, 118, 119, 121, 123 
pipes, 201, 297, 298 
sewers, 202 
tubes, 185, 189, 192, 195 
turbines, 456 
weirs, 150, 152, 174, 175 


Coefficient of roughness, 289, 297 


Coefficient of velocity, 113 
nozzles, 189 
orifices, 114 
tubes, 185, 195 
Compound pipes, 240, 543 
tubes, 191 
Compressed air, 530 
Compressibility of water, 5, 20 
Computations, 15-22, 72, 138 
Conduit pipes, 295 
Conduits, 272-317 
Conical tubes, 189 
wheel, 451 
Conservation of energy, 47, 193 
Constants, tables of, 546, 556 
Consumption of water, 376 
Contracted weirs, 141, 149, 174 
Contraction, of a jet, 110 
coefficient of, 111 
gradual, 182 
sudden, 181 
suppression of, 127 
Converging tubes, 191 
Cotton hose, 264 
Crest, of a weir, 80, 142, 160 
of a dam, 342 
rounded and wide, 160 
Critical velocity, 269 
Cross-section, velocities in, 320 
Croton aqueduct, 300, 301 
Cubic feet, 2, 546 


Index 


Current indicators, 325 
meters, 96, 324, 336 

Curvature factors, 218 

Curved surfaces, 31 

Curves, backwater, 161, 343 
in pipes, 238, 245, 409 
in rivers, 409 

| Cuttlefish, 493 

Cutwater of piers, 344 

| Cycle of rainfall, 378 


Dams, 30, 40, 43, 162, 176, 342 
| Danaide, 451 
| Data, fundamental, 1-22 
| Depth of flotation, 28 
Design of turbines, 469 

of power plants, 364 

of water wheels, 451 
Diameters of pipes, 230 

water mains, 258, 260, 260 
| Differential pressure gages, 85 
| Diffuser, 474 
Discharge, 65, 94, 115 

conduits, 272-317 

curves, 331, 339 

fountain flow, 209 

gaging of, 327 

nozzles, 242, 265 

orifices, 109-140 

pipes, 211-271 

rivers, 318-364 

theoretic, 65 

tubes, 177-210 

turbines, 462 

weirs, 141-176, 159 
Discharge curves, 331, 339 
Discharging capacity, 233 
Disk valve, 223 
Displacement pumps, 527 
Distilled water, 6, 19 
Ditches, 272, 292 
Diverging tubes, 191 
Diversions, 254 
Double-acting pump, 512 
Double floats, 322, 336 
Downward-flow wheels, 446 

turbines, 468 


Draft tube, 460, 4609, 473 

Drag of a ship, 489 

Drop-down curve, 360 
function, 361 

Dropping head, 135, 

Duplex pump, 513 

Duty of pumps, 518 
water, 375 


_ Dynamic pressure, 59, 399-431, 486 


Dynamo, 396, 481 
Dynamometer, 381 


Effective head, 53, 124, 386 
power, 388 
Efficiency, 57, 382, 532 
jet, 134 
jet propeller, 493 
motors, 384, 391, 432 
moving vanes, 420 
paddle wheels, 495 
pumps, 504-538 
reaction wheel, 438 
screw propeller, 495 
turbines, 454, 456, 466, 474 
water wheels, 436, 438, 439 
Egg-shaped sewers, 289 
Ejector pump, 529, 53° 
Elasticity of water, 10, 20 
Electric analogies, 257 
generators, 396 
Elevations by barometer, 8: 
Elliptical orifices, 110 
Emptying a canal lock, 137 
a vessel, 69 
End contractions, 149 
Energy, 3, 68, 178 
loss of, 133 
in channels, 312 
tubes, 178, 200 
of a jet, 56 
Engine, hydraulic, 526 
pressure, 528 
pumping, 517 
English measures, I, 547 


Enlargement of section, 180, 309 


Entrance angle, 446, 466 
Eosine. 334 


Index 


Erosion, 294, 341 


| Errors in computations, 15, ros 


in measurements, 130, 142 
Eureka turbine, 460 
Evaporation, 369 
| Exit angle, 464, 467 
| Expansion of section, 179 


| Fair form of boat, 486 

| Fall increaser, 477 

| Falling bodies, 11, 44 

| Feet and inches, 1 

‘Filaments, 274 

Filling canal lock, 137 

Filter bed, 249, 250, 268 

Fire hose, 264, 270 
engine, 537 
service, 254 

Floats, 250, 322 

Flotation, depth of, 28 
stability of, 29, 497 

Flow, dynamic pressure, 58 
blood in veins, 268 
canals and conduits, 272-317 
dams, 163-167, 176 
fountain, 208 
jets, 54, 56, 198 
non-uniform, 346 
orifices, 46, 109-140 
pipes, 67, 211-271 
revolving vessel, 62 
rivers, 318-364 
steady, 31, 67 
tubes, 177-210 
turbines, 461, 453-484 
under pressure, 49 

Flume, testing, 396 

Foot, 1, 547 

Foot valve, 509, 513 

Force pump, 7, 505, 510 

Force, unit of, 2 

| Forebay, 308, 362, 383 

Foss’ formula, 304 

Fountain flow, 207, 208 

Fourneyron turbine, 456, 476 

Francis turbine, 456 
float formula, 323. 
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Francis weir formula, 154. 

Free surface, 4, 25 

Frictional resistances, 44 
channels, 273, 205 
pipes, 214 
pumps, 507, 513 
turbines, 432, 458 
water wheels, 403, 434 
ships, 486 

Friction brake, 389 
factors, 259, 261, 270 
heads, 216, 218 

Friez recording gage, 76 


Gages, 2, 75, 76, 79, 81-86, 250, 338, 386 


Gaging flow, 95, 129, 142 

of rivers, 321, 332, 335, 374 
Gallon, 1, 2, 546 
Gate of a turbine, 456, 458, 479 
Gates, pressure on, 38 
Gate valve, 224 
Girard turbine, 476 
Glacier, flow of, 305 
Governor, 483 
Gradient, hydraulic, 237, 239 
Graphic methods, 105 


Gravity, acceleration of, 11, 12, 2r1, 


44, 485, 546 
center of, 32 


water supply, 377 
Greek letters, 17 
Ground water, 372 
Guides, 458 


Hammer in water pipes, 412 

Head, 25, 81, 134, 142, 178, 388 
and pressure, 25, 26, 41, 51 
effective, 53 
losses of, 133, 217, 218, 250, 306 
measurement of, 76, 79, 130, 234 

Heat units, 518 

Historical notes, 11, 23, 206 

Holyoke tests, 394 

Hook gage, 79, 319, 384 

Horizontal impulse wheels, 444 
range of a jet, 54, 199 


Index 


Horse-power, 3, 18, 547 
effective, 388 
nominal, 397 
Horseshoe conduits, 306 
Horton’s values of 1, 288a 
Hose, 264, 279, 534 
House-service pipes, 245 
Hurdy-gurdy wheel, 443 
Hydraulic constants, 546 
engine, 526 
gradient, 237, 239 
Jack, 530 , 
jump, 349 
machinery, 529 
mean'depth, 273 
motors, 388, 432-484 
press, 84, 529 
radius, 272, 543 
ram, 524 
Hydraulics, theoretical, 44-74 
Hydromechanics, 13, 416, 486 
Hydrometric balance, 325 
pendulum, 324 
Hydrostatic head, 25, 41, 68 
Hydrostatics, 13, 22-45 


Ice, 4, 5) 7) 18, IQ 
Immersed bodies, 36, 407 
Impact, 178, 180, 401, 446 
Impeller pump, 528 
Impulse, 58, 399, 401, 408 
turbines, 457, 470! 
wheels, 441-450 
Inch, 1, 547 
Inclined pipes, 203 
Inclined tubes, 202 
Incrustations in pipes, 259 
Inertia, moments of, 37, 499 
Injector pump, 528 
Instruments, 75-108 
Inward-flow turbines, 456, 472 
Inward-projecting tubes, 190 
Irrigation, hydraulics, 375 


Jersey City aqueduct, 302 
Jet propeller, 492 
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Jet pump, 528 Mean velocity, 92, 225, 274, 275, 322, 33¢ 
Jets, 54-60, 196, 205, 404, 442 Measurement of water, 77, 129, 384 
contraction of, 2, 110 Measuring instruments, 75-108 
energy of, 56 Mercury, 7, 51, 83, 84 
from nozzles, 102, 196 Mercury gage, 83, 85 
height of, 199, 209 Metacenter, 30, 498 
impulse of, 56, 58, 418 Meter, 547 
on vanes, 417 Meters, current, 96, 324 
path of, 54, 56, 58 Premier, 93 
range of, 55, 56 Simplex, 92 
Jonval turbine, 456 Venturi, 89 
Jump, 35° water, 88, 132 


Method of least squares, 107 
Metric measures, 3, 18, 41, 72, 138, 173, 


Keely motor, 24 210, 209, 312, 547 
Kilowatt, 396, 547 Mile, 485 

Kinetic energy, 3, 45 Mill power, 396 
Knot, 485 Miner’s inch, 131 
Kutter’s formula, 287, 313-316, 319 Mississippi river, 321 


Module, 132 
Modulus of elasticity, 10, 20, 414 


Lampe’s formula, 268, 270 Moments of inertia, 37, 499 
Leakage, 384, 437; 509 Motors, hydraulic, 386, 391 
Least squares, method of, 107 ‘| Mouthpiece, 191 

Leffel turbine, 459 Moving vanes, 419 

Lift pump, 505 Mud valves, 224 


Lighthouses, 419 
Linen hose, 264 


Liter, 547 Nautical mile, 485 

Lock-bar pipe, 262 Naval hydromeckanics, 485 

Lock of canal, 136 Navigation canals, 362 

Log, nautical, 323, 485 Negative pressure, 69 

Logarithms, 75, 553-556 Niagara power plants, 394, 483 _ 

Long pipes, 230 : turbines, 479 
tubes, 200 Non-uniform flow, 346 

Loss of head, 133, 217, 218, 250, 306 Normal pressure, 31 
contraction, 181, 182 Nozzles, 102, 196, 242, 387, 442, 448, 
curvature, 218, 222 529 
entrance, 213 jets from, 102, 199, 219 
expansion, 180 Numerical computations, 15 


friction, 194, 212, 214 
Loss of weight in water, 27 
Lowell tests, 394 Oar, action of, 494 
Oblique weirs, 172 
Observations, discussion of, 75-108 
Machinery, hydraulic, 529 Obstructions in channels, 302 
Masonry dams, 40, 43, 300 in pipes, 259 
Mathematical tables, 545-556 Ocean waves, 351, 408, 501 


562. 


Ogee dams, 165 

Ohm’s law, 539 

Oil, 51, 86 

Oil differential gage, 87 
Operating devices, 248 
Orifices, 46, 109-140, 387 
Oscillations, 497, 543 
Outward-flow turbine, 444 
Overshot wheels, 434, 528 


Paddle wheels, 493 
Paraboloid, 63 
Patent log, 486 
Path of a jet, 54 
Peak load, 382 
Pelton wheel, 441, 442 
Pendulum, hydrometric, 324 
Penstock, 383, 385, 392 
Perimeter, wetted, 272 
Physical properties of water, 3 
Piers, 342, 3434, 344 
Piezometer, 230, 234, 238, 246 
Pipes, 42, 143, 211-271, 530 
curves in, 219, 410 
friction factors for, 217, 269 
friction heads for, 218, 270 
smooth, 67 
Piston pump, 512 
Pitometer, 93, 247 
Pitot’s tube, ror, 247, 324, 486 
Plates, moving, 408, 488 
Plunger pumps, 513 
Pneumatic turbine, 476 
Poiseuille’s law, 268 
Poncelet wheel, 439 
Potential energy, 3, 45 
Power, 3, 56, 452, 506 
dynamometer, 387 
Press, hydrostatic, 24 
Pressure, atmospheric, 7, 8, 20, 41 
center of, 34, 36 
dynamic, 399-431 
energy of, 177 
flow under, 49 
gages, 81, 85 
horizontal, 32 
measurement of, 81-88, 82 


Index 


Pressure, negative, 69 
normal, 31 
of waves, 409, 502 
on dams, 39, 40 
regulator, 247 
submerged body, 31 
transmission of, 23 
unit of, 2, 20 
Pressure gage, 8, 81, 85 
head, 25, 26, 41, 68, 244 
regulator, 247, 249 
Price current meter, 97 
Probable errors, 130 
Prony brake, 389 
Propeller, 492, 496 
Proportional weirs, 171 
Propulsion, work in, 490 
Pulsometer, 529 
Pumps, 7, 377, 504 
Pumping through hose, 534 
Pumping through pipes, 530 
Pumping engines, 517 


Radius, hydraulic, 272 
gyration, 499 

Ram, hydraulic, 524, 526 
in pipes, 412 

Range of a jet, 54, 199 

Rain gage, 365 

Rainfall, 365 

Rating curve, 330 

Rating a meter, 100 

Reaction, 58, 400 
experiments on, 403 
turbines, 457-484, 521 
wheel, 430, 453 

Reciprocating pumps, 527 

Recording apparatus, 77, 91 

Rectangular conduits, 282, 284 
orifices, 122, 127, 139 

Reducer, 240 

Regulating devices, 248 

Regulator, pressure, 247 

Relative capacities of pipes, 235 
velocity, 60, 425 

Relief valves, 249 


Resistance of plates, 487 
of ships, 486 
- Reversibility, 528 
Revolving tubes, 429 
vanes, 423 
vessel, 62 
Rife hydraulic engine, 526 
Ring nozzle, 198 
Rivers, 318-364 
River water, 4, 7, 17 
Riveted pipes, 260, 296 
Rochester water pipe, 242 
Rod float, 323 
Rolling of a ship, 31, 498 
Roman aqueducts, 13, 265 
pipes, 13, 211 
Rotary pumps, 527 
Rounded crests, 160 
orifices, 109, 128 
Rudder, action of, 500 
Runoff, 372 


Salt water, 7, 19 

Sand, weight in water, 28 
filter bed, 250 

Screens, 308, 310 

Screw propeller, 495 
turbine, 473 

Seepage, 376 

Sewage, 7, 53° 

Sewers, 289, 318 

Ships, 485-503 ° 

Shock, 434 

Short pipes, 230 
tube, 184 

Siamese joint, 534 

Siphon, 239, 260 

Skin of water, 4, 79 

Slip of a ship, 495, 496 

Slope, 273, 317 

Smooth nozzle, 198 
pipes, 67 

Snow, 372 

Sound, velocity of, 28 

Specific gravity, 42 

Specific speed, 476 

Speed of wheels, 428, 437 


Index 


Speed of ships, 486 
of turbines, 457, 461 
Sphere, 29, 33 


Square vertical orifices, 120, 139 


Squares, table of, 545, 548 
Stability of dams, 40 

of flotation, 29, 497 
Standard orifice, 186 

tube, 184 

weirs, 141 
Standpipe, 213 
Statical moment, 37 
Steady flow, 273, 318, 539 
Steamer, coal used by, 491 
Steam plants, 381 
Steel pipes, 295, 296 
Stone, weight of, 28 
Storage of water, 378, 381 
Strength of pipes, 34, 42 
Submerged bodies, 31 

dams, 342 

orifices, 109, 126 

surfaces, 487 

tubes, 194 

turbines, 458 

weirs, 157 


Sub-surface float, 322, 333, 336 


velocities, 323, 330 
Suction, 8, 504, 506 
Suction pump, 504, 507 
Sudbury conduit, 301, 314 
Suppressed weirs, 152, 175 


Suppression of contraction, 127 


Surface curve, 167, 348 
float, 322 
velocity, 321, 330 


Surfaces, center of pressure, 36, 39 


jets upon, 58, 405 
pressure on, 32, 399 
Surge tank, 416 


Tables, x, 545-556 

Tank, 76, 125, 384 

Temperature, 6, 130, 547 

Test of motors, 388 
pumping engines, 519 
turbines, 392, 481 
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Theoretical hydraulics, 44-74 Velocity, 2, 18, 44 
Theoretic discharge, 65 absolute, 60 
velocity, 46, 52 coefficient of, 113 
Thermal heat unit, 518 critical, 269 
Throttle valve, 223 curves of, 204 
Tidal bore, 350 from orifices, 47 
Waves, 397, 501 in conduits, 275 
Tide gate, 38 in pipes, 204, 267, 274 
Tides, 397, 452, 501 in rivers, 321 
Time, 2, 18 mean, 274, 275, 3210 
Transmission of pressures, 24 measurement of, 95, 96, IOI, 322 
Transporting capacity, 294, 339 of approach, 51, 145-153 
Trapezoidal conduits, 286 of sound and stress, 10, 21 
weirs, 170 of the bore, 352 
Triangular orifices, 110 of waves, 5or 
Triangular weirs, 168 relative, 60 
Trigonometric functions, 545, 552 to move materials, 301, 339 
Triple nozzle, 444 Velocity-head, 47, 68 
Troughs, 272 Venturi water meter, 89, 205 
Tubes, 101, 177-210, 429 Vermeule’s formula, 371 
Tubercules in pipes, 259, 262 Vertical jets, 46, 114, 199, 219 
Tunnel, Niagara, 478 orifices, 116, 118, 121 
Turbines, 14, 383, 453-484, 528 Vertical turbines, 451 
Tutton’s formula, 304 wheels, 444 
Twin screws, 496 Vessel, emptying of, 69 
turbines, 461 moving, 61 


revolving, 63 
Viscous flow, 541) 


J 


Undershot wheels, 439, 450 Vortex whirl, 71 
Uniform flow, 67, 204, 274 
Unit of heat, 518 


Units of measure, 1, 18, 547 Waste of water, 246 
Unsteady flow, 334 weirs, 162 
Uplift, dams, 40 Water, barometer, 8, 20, 507 


boiling point of, 8 
compressibility, 9 


Vacuum, 7, 13, 188, 504 distilled, 6, 19 
compound tube, 188 dynamic pressure, 58, 309 
pumps, 517 freezing of, 4, 5, 18 
standard tube, 187 hammer, 248, 412 
turbines, 475 mains, 227, 251 
Valves, 223, 248, 251 maximum density, 4, 6 
Vanes, 417, 440, 458 measurement of, 77, 132, 384 
In motion, 423 meters, 88 
revolving, 429 physical properties, 3-20 
Variations in discharge, 130, 337 pipes, 34, 42, 211-271 
in rainfall, 368 power, 381-398 


Velocities in a Cross-section, 204, 310, 320] _ pressure of, Py Ney PD 
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Water, storm, 373 Wheels, overshot, 435, 449 
supply, 365-381 reaction, 430, 453, 473 
surface of, 4, 24 turbine, 453-484 
vapor, 507 undershot, 434, 450 
waste of, 251 vertical, 443, 460 
weight of, 6, 19 Whirl at orifice, 71 

Water-pressure engine, 451 Wide crests, 161 

Watershed, 370 Williams and Hazen’s formula, 304 

Water wheels, 423, 432-452 Wind, 322, 328, 332, 370 

Waterwitch, 493 Wood conduits, 281, 297 

Waves, 351; 408, 501 Wood pipes, 263, 2905 

Weighing water, 77, 385 Work, defined, 3, 382 

Weight of ice, 7, 19 friction, 216, 276 
masonry, 40 hydraulic machinery, 529 
mercury, 8, 83 motors, 433, 481 
sand, 28 propulsion, 490 
sewage, 7 pumping, 505 
submerged bodies, 27 ships, 490, 494 
water, 6, 19, 485 vanes, 421, 425 

Weirs, 80, 141-176, 386 units of, 3, 18, 547 

Wetted perimeter, 272 

Wheel pit, 478, 480 

Wheels, breast, 426, 450 Yield of watershed, 378 
horizontal, 445, 459 Young man, 17, 513, 544 


impulse, 443, 448 
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